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Abstract 

Quantitative limonite mapping within the leached capping of the porphyry copper deposit 
at La Escondida, Chile, permits reconstruction of the paleohydrologic and chemical evolution 
of a well-developed supergene ore-forming system. The mineralogy, textures, and relative 
abundance of supergene limonite minerals (hematite, goethite, and jarosite) are used to re- 
construct the former ratio of pyrite to chalcocite and the preoxidation copper grade based on 
empirical limonite sulfide correlations (after Locke, 1926; Blanchard, 1968; and Loghry, 1972). 
Estimates of preoxidation copper grades in surface exposures and tops of drill holes at La 
Escondida are significantly lower than actual copper grades in the underlying enrichment 
blanket at depth. This apparent inconsistency is explained by a progressive increase in the 
copper grade of the sulfide enrichment blanket as it descended to its present location in 
response to a descending water table. This systematic trend of reconstructed grades of su- 
pergene-enriched copper sulfide increasing with depth offers the first quantitative proof of 
cumulative downward enrichment in a supergene profile, as proposed by Locke (1926). The 
consistent trends of limonite mineralogy and abundance in vertical profiles indicate that water 
table descent at La Escondida was relatively continuous in space, although not necessarily 
in time. 

Evidence for cumulative downward enrichment in vertical profiles through leached capping 
allows quantitative analysis of chemical mass balance in dynamic supergene systems. Slopes 
of linear regressions for profiles of reconstructed enriched copper grades vs. depth indicate 
lateral fluxes into or out of a given vertical profile. This method provides independent veri- 
fication of conclusions from a previous study of copper mass balance at La Escondida (Brimhall 
et al., 1985) which showed that lateral fluxes of copper were a significant factor during su- 
pergene leaching and enrichment. 

Introduction 

THE principal objective of the present study is to un- 
derstand the dynamic chemical and hydrologic evo- 
lution of supergene leaching and enrichment pro- 
cesses through detailed study of a well-enriched cop- 
per sulfide deposit. In general, the understanding of 
dynamic aspects of geochemical processes has been 
advanced by the study of systems in which interme- 
diate states of evolution have been preserved. Two 
examples are multistage hydrothermal vein deposits 
where paragenetic sequences may be deduced from 
textural and fluid inclusion evidence (e.g., Kelly and 
Turneaure, 1970; Kamilli and Ohmoto, 1977; Loucks, 
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1982) and metamorphic rocks for which pressure- 
temperature-time paths can be established by com- 
bined geochronologic, petrologic, and petrographic 
studies (e.g., England and Thompson, 1984). Pre- 
served intermediate states provide the most rigorous 
constraint on dynamic models for geochemical and 
hydrologic processes which commonly operate over 
time scales inaccessible by direct field observation or 
by laboratory simulation. In this study, we describe 
the oxidative weathering of sulfide-bearing rocks as 
an example of a hydrochemical transport process for 
which intermediate states of a dynamic geochemical 
system may be deduced from quantitative analysis of 
the rock record. 

We focus on the porphyry copper deposit at La 
Escondida, Chile, a deposit as yet unmined, where 
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the effects of supergene processes are extremely well 
developed (Brimhail et al., 1985; Alpers, 1986). The 
present hyper-arid climate of the Atacama Desert has 
preserved supergene-enriched sulfide ore deposits in 
this region (Sillitoe et al., 1968; Mortimer, 1973; 
Mortimer et al., 1977; Sillitoe, 1981) through a 
marked decrease in the long-term average rate of 
erosion since the middle Miocene (Mortimer and 
Sari•-Rendic, 1975; Alpers et al., 1984; Alpers and 
Brimhall, 1988). Climatic desiccation may have also 
played an important role in the formation of super- 
gene-enriched sulfide deposits in this region by con- 
tributing to water table descent which would have 
provided optimal conditions for cumulative supergene 
enrichment effects (Locke, 1926; Bateman, 1950; A1- 
pers and Brimhall, 1988). 

In this paper, we describe the mineralogic and hy- 
drologic factors which controlled the progress and 
extent of supergene copper leaching and enrichment 
at La Escondida and the formation of residual limonite 

minerals in the leached capping zone. Our approach 
combines classical methods of leached capping ap- 
praisal (Locke, 1926; Blanchard, 1968; Loghry, 1972) 
with more recently developed methods of mass bal- 
ance analysis which are the basis for reconstruction 
of paleotopography, paleohydrology, and estimation 
of long-term average rates of erosion and uplift 
(Brimhall et al., 1985; Alpers, 1986; Brimhall and 
Dietrich, 1987; Alpers and Brimhall, 1988). 

Under conditions of a descending ground-water ta- 
ble, the relative rates of sulfide oxidation and ground- 
water table descent determine the overall efficiency 
of supergene leaching and enrichment processes. We 
use the results of quantitative limonite mapping at La 
Escondida to constrain these relative rates by com- 
parison of algebraic models for the geochemical dy- 
namics of an evolving supergene system. 

Methods of Leached Capping Interpretation 
Previous work 

Quantitative interpretation of leached cappings 
over copper ores was first described by Locke (1926) 
and Tunell (1930). An essential feature of this early 
work was the observation that deep maroon to seal 
brown, hematitic iron oxide tends to remain in rocks 
after oxidation of supergene chalcocite-bearing ores 
which form as the enrichment product of chemical 
weathering of copper-iron sulfide protores. The sul- 
fide mineralogy of supergene chalcocite ores is com- 
plex in detail, probably consisting of a fine-grained 
mixture including some or all of the following: low 
chalcocite (Cu•.995-2.oooS), djurleite (Cul.934_1.965S), 
digenite (CUl.7O_•.74Feo.o$_o.o18), and anilite (Cu1.75 S) 
(Sillitoe and Clark, 1969; Clark and Sillitoe, 1971; 
Morimoto and Gyobu, 1971; Potter, 1977). Vertical 
zoning of these minerals and the occurrence of co- 
vellite in supergene profiles is discussed in a later sec- 

tion of this paper. For the purposes of the following 
discussion, we approximate the sulfide mineralogy in 
the upper portions of copper sulfide enrichment 
blankets as consisting solely of supergene chalcocite 
and residual hypogene pyrite, where "chalcocite" 
refers to all copper-iron sulfides with a Cu/S molar 
ratio greater than 1.70 and an Fe/S ratio less than 
0.05. As discussed below, pyrite plus chalcocite is a 
reasonable approximation for the uppermost 100 to 
300 m of the enrichment blanket at La Escondida. 

Numerous field and laboratory investigations of 
leached cappings over porphyry copper deposits have 
led to successful empirical correlations of the min- 
eralogy, texture, and abundance of leached capping 
limonite minerals (hematite, goethite, and jarosite) 
with underlying sulfide assemblages. These correla- 
tions depend on the nature and extent of local iron 
fixation (Blanchard, 1968; Loghry, 1972). Quantita- 
tive limonite mapping over chalcocite-pyrite ores 
permits reconstruction of sulfide assemblages prior 
to leaching in terms of the total former sulfide volume, 
V,, former pyrite to chalcocite ratio, (py/cc),, and 
former total copper grade prior to oxidation, b,. The 
variable b, was introduced (as b") by Brimhall et al. 
(1985) to signify the average metal grade of an en- 
richment blanket zone at the earlier stage of a two- 
stage enrichment process. In this paper, we broaden 
this definition to consider b, as the average blanket 
grade at any former stage of supergene evolution. 

Stages of supergene enrichment blanket evolution 
have been resolved at several individual deposits 
based on the interpretation of limonite variations with 
elevation within the leached capping zones. For ex- 
ample, Richard and Courtright (1958), Tosdal (1978), 
and Anderson (1982) have concluded that a relatively 
sudden drop in the water table resulted in the ob- 
served vertical limonite profile of hematitic above ja- 
rositic capping at Toquepala, Peru. Multiple stages of 
leaching and enrichment have also been described at 
several porphyry copper deposits in Arizona, includ- 
ing Morenci-Metcalf (Langton, 1972) and Sacaton 
(Cummings, 1982). Similar principles were used by 
Gaskin (1975) to deduce three stages of supergene 
development in lateritic iron ores from banded iron- 
stones at Tonkalili, Sierra Leone, based on the distri- 
bution of limonite-enriched and limonite-deficient 

zones in vertical weathering profiles. In the above 
examples, observed discontinuities in limonite distri- 
bution were used to infer discrete stages or cycles of 
supergene evolution. In contrast, the observation of 
relatively continuous variations in the mineralogy and 
abundance of iron oxides in vertical profiles can be 
used to infer a relatively continuous descent of the 
water table during supergene enrichment such as at 
San Xavier North, Arizona (King, 1982), Chino, New 
Mexico (Anderson, 1982), and La Escondida, Chile 
(Alpers, 1986; this study). 

The distinction between indigenous and trans- 
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ported limonite is of critical importance to the inter- 
pretation of leached outcrops. As defined by Blanch- 
ard (1968, p. 11), "Indigenous limonite is that pre- 
cipitated from iron-bearing solutions within the cavity 
or space formerly occupied by the sulfide or other 
mineral from which the iron is derived." In this study, 
we consider "indigenous limonite" to be the limonite 
occupying former sulfide sites; it is unnecessary for 
our purposes to assume that the iron in these sites 
was locally derived so long as it represents a replace- 
ment of sulfide. In contrast to indigenous limonite, 
we consider transported limonites ("exotic limonites" 
of Blanchard, 1968) to represent iron which has 
clearly moved from its original source and has pre- 
cipitated in nonsulfide sites, generally in fractures or 
as a pervasive stain. Limonite precipitated on the 
borders of the former sulfide sites, previously de- 
scribed as fringing (Blanchard, 1968) or contiguous 
(Locke, 19œ6), is considered here as a subset of trans- 
ported limonites (cf. Loghry, 1972). 

The distinction between indigenous and trans- 
ported limonites is straightforward for oxidation 
products of disseminated sulfide grains. Limonite in 
veins and fractures may be transported or may rep- 
resent indigenous limonite replacing sulfide veins; this 
ambiguity is resolvable by the observation of siliceous 
sponge limonite, indicative of previous massive sulfide 

mineralization (Blanchard, 1968; Andrew, 1980). Al- 
though some of the iron in sponge limonite may not 
be locally derived, boxwork textures and sponge li- 
monite are considered to represent former sulfide 
sites, and thus, are included as a form of indigenous 
limonite in this study. As discussed below, the volume 
of voids associated with indigenous limonite is used 
to estimate the volume percent of sulfides prior to 
oxidation, V,, which is an important parameter for 
reconstructing preleaching metal grades. 

A wide variety of limonite textures has been de- 
scribed in gossans and leached cappings (Blanchard, 
1968; Loghry, 1972; Blain and Andrew, 1977; An- 
drew, 1980). For chalcocite-pyrite ores, the texture 
and mineralogy of indigenous limonites vary system- 
atically with the original pyrite/chalcocite ratio (Table 
1). In relatively nonreactive gangue, including phyllic 
and advanced argillic alteration, the oxidation of sul- 
fide mixtures with (py/cc), less than about 1.5:1 is 
observed to form only hematite. According to the li- 
monite-sulfide correlations by Loghry (197œ), a min- 
imum (py/cc), ratio of 1:2.8 is necessary to ensure 
that pH stays low enough so that cupric hydroxy-sul- 
fates such as antleritc and brochantite do not form 
and so that the maximum possible amount of copper 
is mobilized. According to Loghry's correlations, with 
increasing (py/cc), ratio, a systematic increase in the 

T•,BLE 1. Textures and Relative Abundances of Limonites Formed from Various Initial 

Ratios of Pyrite/Chalcocite (after Loghry, 1972) 

Slow neutralizers 

Phyllic, argillic, or 
advanced argillic 

alteration 

Xcu 2 (py/cc)• Indigenous limonites • 

Relative abundance 

Transported 
Indigenous Transported limonites • 

Moderate 
neutralizers 

Potassic, propylitic, 
or weak phyllic 

alteration 

(py/cc), Xcu 2 

__3 1:2.8q. None -- -- None 
1.23 1:2.5 H; fragile, relief, fine 10 0 H; none or rare 
1.16 1:2 cellular 
1.06 1:1.5 9 1 

0.92 1:1 H; relief, hard cellular 8 2 
0.75 1.5:1 H; relief, hard cellular, 7 3 

rare botryoidal 
0.64 2:1 H >> G; botryoidal. hard 6 4 

cellular, relief 
0.49 3:1 H > G; botryoidal, hard 5 5 

compact, rare relief 

0.40 4:1 H -• G; nodular, hard 4 6 
compact, vitreous, 
flat 

0.33 5:1 G > H 3 7 

0.25 7:1 (G q- J) > H 2 8 
0.20 10:1 G + J I 9 

<0.10 >20:1 None 0 10 

H; fringing 
H; fringing, exotic 

(in fractures) 

H > G (>J); 
fringing, 
exotic, rarely 
iridescent 

G > H (•J); 
iridescent 

J-•G>H 
J>G>H 
J>G 
J 

3 1:2.5+ -- 

1:2.0 1.16 

1:1.5 1.06 

1:1 0.92 

1.5:1 0.75 
2:1 0.64 

3:1 0.49 

4:1 0.40 

5:1 0.33 

• G = goethite, H = hematite, J = jarosite; italics indicate diagnostic hematite textures 
• Xc• -- multiplication factor equal to percent copper per volume percent indigenous limonite (V.); based on copper content and 

specific gravity of sulfides (from Loghry, 1972) 
a Insufficient acid for complete leaching; produces abundant copper oxides and hydroxy-sulfates 
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proportion of indigenous goatbite relative to hematite 
is observed, along with systematic changes in the 
morphology of the limonites (Table 1, Fig. 1). 

Variations in the relative proportion of indigenous 
vs. transported limonites with increasing (py/cc), ratio 
have long been known qualitatively (Locke, 1926; 
Blanchard, 1968; Loghry, 1972; Andrew, 1980). The 
two central columns of Table 1 were added by Alpere 
(1986) to table 7 of Loghry (1972), taking into ac- 
count semiquantitative observations described by 
Smith (unpub. data, 1950) reproduced by Loghry 
(1972), Blanchard (1968), and Loghry (1972) re- 
garding the systematic increase of transported limo- 
nite with increasing (py/cc), ratio. The inverse rela- 
tionship of transported vs. indigenous limonite is 
shown graphically in Figure 1. Transported (mostly 
fringing) limonites are observed for (py/cc), ratios 
greater than about 1:2; they increase in abundance 
relative to indigenous limonite with increasing (py/ 
cc),. As with the indigenous limonites, transported 
limonites show a systematic change in mineralogy 
from hematite to goethite to jarosite with increasing 
(py/cc), ratios. With (py/cc)• ratios greater than 10: 
1, nearly all limonite is transported and commonly 
occurs as jarosite with minor goethite. 

Figure 1 and the left side of Table 1 pertain to 
rocks with little or no capacity to neutralize supergene 
acids, such as advanced argillic and phyllic alteration 
assemblages. The right side of Table 1 shows the (py/ 
cc), ratios and associated limonite textures and m•n- 
eralogy for rocks of moderate acid-neutralizing ca- 
pacity, including potassic and propylitic alteration as- 
samblaRes. The more reactive ganRue minerals such 
as feldspars, chlorite, and biotite inhibit the transport 
of iron by consumption of hydrogen ions through hy- 
drolysis reactions, so that a given characteristic li- 
monite texture and mineral assemblage corresponds 

-0.5 

(Relative t •!!i•iii•ii!• 
1:5 1:2 

H G J 

[• • •]• TRANSPORTED 
:• ø[• [[• iNDIGENOUS 

log (py=cc)• 
o 0.5 1.o 

! 

1:1 2:1 4:1 10:1 20:1 

(py:cc)• 

FIG. 1. Graphical representation of logarithmic scale corre- 
lations between limonite mineralogy and original pyrite/chalcocite 
ratios in rocks prior to oxidation, for nonreactive ganRue (argillic, 
advanced argillic, and phyllic alteration). Based largely on Smith 
(1950) and Loghry (1972), who synthesized observations from 
several porphyry copper deposits in southwestern North America 
(see Table I and text). See text for discussion of distinction between 
indigenous limonites (continuous patterns on figure) and trans- 
ported limonites (vertically striped patterns). 

to a higher (py/cc), ratio for more reactive ganRue. 
Rocks of strong acid-neutralizing capacity such as 
carbonates require yet a different scale; however, 
rocks of this type were not encountered in this study. 

Theoretical and experimental basis for pH control 
of limonite-sulfide correlations 

Empirical correlations between the relative abun- 
dance of sulfide reactants and the mineralogy, texture, 
and abundance of limonite products can be under- 
stood by consideration of reaction stoichiometry to- 
gether with data on the solubility and formation ki- 
netics of various secondary iron minerals as a function 
of pH. The composition of oxidizing sulfides, in par- 
ticular, the molar metal to sulfur ratio (Me/S), appar- 
ently has an important influence on the pH of the 
resulting supergene solutions (Blanchard, 1968; 
Thornbar, 1975; Blain and Andrew, 1977; Andrew, 
1980). In detail, the effective surface areas (Aagaard 
and Haigaeon, 1982) of sulfide grains undergoing re- 
action at a given time will determine the effective 
Me/S ratio; so, in the case that there are significant 
variations in sulfide grain size and shape, the effective 
Me/S ratio will not correspond necessarily to the bulk- 
ore composition. 

The actual mechanisms and rates of sulfide oxida- 

tion reactions in nature are complex and in need of 
further study (Nordstrom, 1982; Goldhaber, 1983). 
Nevertheless, simplified examples of overall sulfide 
dissolution reactions using O2(•) as the oxidant (Table 
2) illustrate the potential importance of the Me/S ratio 
in determining solution pH. In general, the oxidative 
dissolution of pyrite is the dominant source of sulfuric 
acid in the weathering of sulfide deposits (Nordstrom, 
1982), not only because pyrite is the most common 
sulfide in the upper crust but also because of its stoi- 
chiometry (Me/S -- 1:2). Note that formation of solid 
products other than Fe(OH)a, such as goethite or he- 
matite, from oxidative pyrite dissolution would also 
produce four moles of H + per mole of pyrite, con- 
suming less water than the reaction shown in Table 
2. Many other common sulfides (e.g., ZnS, PbS, CuS, 
and CuFeS2) have Me/S = 1:1; oxidative dissolution 
of these minerals has relatively less effect on solution 
pH if the oxidant is O•(aq). In contrast, the copper 
sulfides in supergene chalcocite (djurleite, diganita, 
anilite, etc.) have Me/S ratios closer to 2:1, which 
causes the oxidative dissolution reactions, as written 
in Table 2, to consume hydrogen ions. Oxidation of 
metal sulfides by aqueous Fe +a (Dutrizac and 
MacDonald, 1974; Nordstrom, 1982) may tempo- 
rarily produce eight moles of H + in solution per mole 
of sulfide; however, the acid is subsequently con- 
sumed when the product aqueous Fe +• is reoxidized 
(Singer and Stumm, 1970; Davison and Seed, 1983). 
The formation of aqueous complexes containing H 
and OH will also have an important effect on deter- 
mining the pH of the oxidizing solution, but this effect 
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TABLE 2. Sulfide Oxidation Reactions 
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Metal/Sulfur ratio 

Pyrite 

1:2 FeS• + 3.750• + 3.5H•O 

Covellite 

1:1 CuS + 20• 

Anilite (Digenite) 

1.75:1 CuL75S q- 2.3750• q- 1.5H + 
Chalcocite 

2:1 Cu•S q- 2.50• q- 2H + 

--• Fe(OH)a + 2SO; • + 4H + 

--• Cu +• + SO• • 

--• 1.75Cu +• + SO; • + 0.75H•O 

--• 2Cu +• + SO; • + HaO 

has been added for emphasis 

is secondary to the stoichiometry of the reactant sul- 
fides. 

Hematite vs. goethite formation: Numerous studies 
have attempted to resolve the environmental factors 
which determine the formation of hematite vs. goe- 
thite during chemical weathering, yet this subject re- 
mains enigmatic. The thermodynamic stability rela- 
tions between hematite and goethite are governed by 
the simple hydration reaction: 

Fe203 + H20 = œFeO(OH). (1) 

However, the actual mechanism of transformation 
between these phases is considerably more compli- 
cated, as discussed below. Although hematite and 
goethite are often found together as weathering 
products in nature, the phase rule dictates that only 
one of these two phases is stable thermodynamically 
in the Fe•Oa-H•O system at a given pressure, tem- 
perature, and activity of water, except on the univar- 
iant phase boundary. Attempts to explain the relative 
abundance of hematite and goethite in various geo- 
logic settings based on thermodynamic properties 
(Posnjak and Merwin, 1922; Berner, 1969, 1971; 
Langmuir, 1971, 1972; Langmuir and Whittemore, 
1971; Whittemore, 1973; Bladh, 1978, 1982; Mur- 
ray, 1979) have shown that the two phases are very 
close in solubility and therefore in thermodynamic 
stability. The thermodynamic properties of ferric ox- 
ide and oxyhydroxide minerals may be influenced to 
an important degree by aluminum substitution, which 
can range up to 33 mole percent A10(OH) in goethite, 
and up to 14 mole percent AlcOa in hematite (Yapp, 
1983; Tardy and Nahon, 1985; Schwertmann, 1985; 
Trolard and Tardy, 1987). Grain size effects (Lang- 
muir, 1971, 1972; Murray, 1979) are also important 
with respect to the thermodynamic stability relations; 
however, consideration of these effects does not ex- 
plain all field occurrences in soils (Schwertmann, 
1985). 

If pH is the most important controlling factor, the 
relationships in Figure 1 and Tables 1 and 2 suggest 
that goethite would be favored at a pH intermediate 
between that favorable to jarosite and hematite. The 

available results from experimental and field studies 
support this suggestion for both kinetic and thermo- 
dynamic reasons, yet relatively few studies (Schwert- 
mann, 1965, 1969; Whittemore, 1973; Knight and 
Sylva, 1974; Schwertmann and Murad, 1983) have 
addressed the issue of pH control on limonite min- 
eralogy. According to Schwertmann (1985), the im- 
portant factors influencing hematite vs. goethite for- 
mation and transformation in soils include tempera- 
ture, water activity (expressed as either humidity or 
degree of saturation), pH, organic matter, and release 
rate of Fe during weathering. In addition, the abun- 
dances of aqueous ferrous iron and sulfate may be 
important factors in determining the mineralogy of 
ferric iron precipitates (Feitknecht and Michaelis, 
1962; Whittemore, 1973; Brady et al., 1986). 

Ferrihydrite is a poorly crystalline mineral found 
in soils (Chukhrov et al., 1973; Schwertmann, 1985), 
formerly considered to be amorphous Fe(OH)3 by 
many workers. The stoichiometry of ferrihydrite re- 
mains controversial; Russell (1979) proposed the 
structural formula FeaO3' 2FeO(OH) ß 2.6H20, cor- 
responding to FeaO3' 1.8HaO, based on M6ssbauer 
spectroscopy, whereas Eggleton and Fitzpatrick 
(1988) suggest that ferrihydrite composition is 
best described as between Fe4(O,OH,H•O)i• and 
Fe4.6(O,OH,H20)•a, depending on crystal size. Fer- 
rihydrite has been shown to be the necessary pre- 
cursor to supergene hematite, to which it transforms 
by solid state dehydration (Feitknecht and Michaelis, 
1962; Schwertmann, 1965, 1985; Schwertmann and 
Fischer, 1965; Chukhrov et al., 1973). When this 
transformation takes place in water, there is a com- 
peting tendency for ferrihydrite to dissolve back into 
solution and for the ferric iron to reprecipitate as fine- 
grained goethite. Under weathering conditions, goe- 
thite and hematite are not related genetically by the 
simple hydration-dehydration reaction in eq. (1); 
rather, the two phases form by separate pathways 
(Fischer and Schwertmann, 1975; Schwertmann, 
1985). 

The possibility that the competitive nature of these 
reaction mechanisms could lead to different results 
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under different conditions led Schwertmann and Mu- 

rad (1983) to conduct a series of long-term experi- 
ments in which ferrihydrite was aged at a wide range 
of pH for up to several years (Fig. 2). Both hematite 
and goethite were produced at each pH and maximum 
hematite production occurred at pH = 8. Goethite 
was the dominant phase produced below pH = 6 and 
above pH -- 9. The relevance of these experimental 
results to natural systems is supported by the study 
of 11 soils from southern Brazil (Kiimpf and Schwert- 
mann, 1982), which showed an increasing proportion 
of hematite with increasing pH in the range of 4 
to 6. 

Other dissolved ions may also play an important 
role in determining goethite vs. hematite formation. 
For example, Ca +2 and Mg +2 have been found to favor 
hematite over goethite (Schellmann, 1959; Taylor and 
Grayley, 1967; Torrent and Guzman, 1982) and dis- 
solved sulfate can suppress goethite formation com- 
pletely under certain conditions (Torrent and Guz- 
man, 1982; Brady et al., 1986). Also important to the 
subject of chalcocite-pyrite oxidation is the obser- 
vation that Cu +2 can catalyze the oxidation of Fe +2 to 
Fe +a by O9•(•q) (Thornber, 1985), leading to formation 
of ferrihydritelike precipitates which may convert to 
hematite if aged under favorable conditions. Thornber 
(1985) asserted that indigenous limonite textures 
showing preexisting crystal forms would indicate a 
pH greater than 6. Thus, the observation that indig- 
enous, hematitic limonites commonly replace sulfide 
assemblages relatively high in chalcocite (Table 1, Fig. 
1) may be in part explained by the catalytic oxidation 
of Fe +2 by Cu +2 at relatively high pH. 

Within a single weathered sulfide deposit, the he- 
matitic and goethitic zones share a similar environ- 
mental history, including temperature and degree of 
hydrodynamic saturation (water activity). The other 
important factors besides pH which are discussed by 
Schwertmann (1985) as influencing hematite vs. goe- 
thite formation (organic matter, release rate of Fe, 
and presence of Fe +2 and other dissolved ions) are 
themselves to some degree dependent on pH. The 
role of organic matter is to suppress hematite for- 

Hm o.s 
Hm+Gt o.• 

o 

2 4 6 8 lO 12 

pH 

FIG. 2. Results of Schwertmann and Murad (1983) for exper- 
imental aging of ferrihydrite at a range of pH conditions: hematite/ 
(hematite + goethite) (Hm/(Hm + Gt)) ratios vs. pH after 441 
days of storage at 25øC. Reproduced by permission of the Clay 
Minerals Society and the authors. 

mation by complexation of Fe(III) in solution, which 
may prevent the formation of ferrihydrite (Schwert- 
mann, 1985). The effects of organic matter and bac- 
teria are largely inseparable from other environmental 
factors such as climate and vegetation when compar- 
ing different deposits and soil profiles. However, the 
differential effects of organic matter between goe- 
thitic and hematitic zones at a single deposit could 
depend on the pH of the pore fluids, which in turn 
depends on soil chemistry, wall-rock alteration, and 
original sulfide mineralogy. The release rate of Fe 
during weathering will also depend on pH and bio- 
logical activity, given available data for kinetics of 
pyrite and aqueous Fe +2 oxidation (Whittemore, 
1973; Nordstrom, 1982, and references therein; 
Davison and Seed, 1983; Wiersma and Rimstidt, 
1984). 

Jarosite formation: Jarosite (ideally KFea(SO4)9•- 
(OH)a) is known to precipitate at low pH conditions 
in natural and perturbed systems associated with py- 
rite oxidation, such as acid sulfate soils and acid mine 
drainages (van Breemen, 1973; Nordstrom et al., 
1979; Nordstrom, 1982; Chapman et al., 1983). Al- 
though there are large uncertainties associated with 
the available thermodynamic data (Nordstrom, 1977; 
Chapman et al., 1983; Nordstrom and Munoz, 1986; 
Alpers et al., 1988), the thermodynamic stability of 
jarosite relative to goethite and ferrihydrite is dis- 
played on pE-pH diagrams in Figure 3A and B (ther- 
modynamic data are listed in Appendix I). The rela- 
tively concentrated solutions depicted in Figure 3A 
are similar to extremely acid mine waters (pH as low 
as 0.80) from Iron Mountain, West Shasta district, 
California, which are known to form jarosite upon 
oxidation (Nordstrom, 1977; Alpers et al., 1988, 
1989). In the more dilute conditions depicted in Fig- 
ure 3B, jarosite does not have a field of thermody- 
namic stability relative to goethite (pK = 41.7) or 
hematite (pK -- 41.6) but is stable relative to ferri- 
hydrite (pK -- 39). The relations in Figure 3B may 
pertain to conditions in soils, where ferrihydrite or 
other poorly crystalline precipitates are the initial 
products of iron hydrolysis. 

Appreciable solid solution between potassium, so- 
dium, and hydronium end members is found in natural 
and synthetic jarosites (Kubisz, 1964, 1970; Brophy 
and Sheridan, 1965; Dutrizac, 1983; Alpers et al., 
1988, 1989). Problems with iron deficiency and ex- 
cess water have been reported in both jarosites and 
alunites (Kubisz, 1970; Dutrizac and Kaiman, 1976; 
H'•tig et al., 1984; Ripmeester et al., 1986; 
Bohmhammel et al., 1987); however, these substi- 
tutions do not affect the conclusion that jarosites form 
at lower pH than ferric oxides and oxyhydroxides 
(Brown, 1971; van Breemen, 1973; Bladh, 1978; Du- 
trizac, 1982). The thermodynamic stability of jaros- 
itc at lower pH than ferrihydrite is in accord with the 
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FIC. 3. A. pE-pH diagram for the Fe-S-K-O-H system at 25øC, I bar, with total aqueous sulfur 
activity of 10 -ø'7, total aqueous potassium activity of 10 -2'7, and total aqueous iron activity at 10 -•. 
Thermodynamic data and sources are listed in Appendix I. Jarosite field is ruled. Crystalline sulfur and 
iron sulfides other than pyrite are not included. B. pE-pH diagram for the Fe-S-K-O-H system at 25øC, 
1 bar, with total aqueous sulfur activity of 10 -]'7, total aqueous potassium activity of 10 -z'6, and total 
aqueous iron activity of 10 -2 (solid lines) and 10 -4 (dotted lines). Thermodynamic data and sources are 
listed in Appendix I. Jarosite field is ruled. Goethite, hematite, crystalline sulfur, and iron sulfides other 
than pyrite are not included. 

observations that jarosite-rich !imonite assemblages 
are associated with oxidation of sulfide assemblages 
with high relative pyrite contents and low Me/S ratios 
(Table 1, Fig. 1). 

Methods used in this study 

The methods of quantitative leached capping in- 
terpretation used in this study are an extension of the 
methods described by Loghry (1972). It is assumed 
that the volume of voids associated with indigenous 
limonite represents the former volume of sulfides 
prior to oxidation and copper leaching, V,. The em- 
pirically calibrated scales in Table 1 and Figure 1 were 
used to estimate the former ratio of pyrite to chal- 
cocite, (py/cc),. For each value of (py/cc), and the 
appropriate scale of gangue reactivity, a multiplication 
factor (Xc,, Table 1) based on mineral stoichiometry 
and specific gravity was used to convert V, to an es- 
timate of total weight percent copper leached. Any 
residual copper in the rock, of grade la, was then 
added to the estimate of total copper leached to de- 
termine the estimated total copper grade prior to 
leaching, b,. Thus, the overall formula is b, = V,. Xc, 

+ la. The rationale for the addition of residual copper 
is that the grade reconstruction pertains to copper 
leached from the rock and presumably transported 
out of the rock volume which represents the mapping 
interval (Loghry, 1972) (see Table 3 for complete list 
of symbols). 

Surface !imonite mapping at La Escondida was ac- 
complished by systematic sampling of available sur- 
face bedrock exposures, most of which consisted of 
manmade roadcuts and trenches of 1 to 5 m depth. 
Surface float samples, used in the initial evaluation of 
the property (J. D. Lowell and J. H. Courtright, pers. 
commun., 1982), were found to be much less rep- 
resentative than bedrock samples due to weathering 
out of key limonite textures. Each 5 m, where pos- 
sible, a bedrock sample of at least 500 g was taken, 
representative of limonite texture, mineralogy, and 
abundance. Field notes concerning limonite textures, 
mineralogy, and abundance were supplemented by 
careful examination with a binocular microscope 
(10x-60x). Quantitative mineralogic data were 
composited mentally for groups of up to 20 samples, 
each group representing as much as 100 m of outcrop. 
Smaller composites were made where macroscopic 
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TABLE 3. List of Symbols 

Symbol Description Units 

b Average metal grade within enrichment blanket Weight percent metal 

b. Reconstructed average copper grade of enriched zone prior to oxidation; based Weight percent metal 
on limohire interpretation 

bm• Maximum average metal grade within enriched blanket Weight percent metal 

B Enrichment blanket thickness Meters 

EBB Elevation of bottom of enrichment blanket Meters (elevation) 

ETB Elevation of top of enrichment blanket Meters (elevation) 

flux Lateral transfer of metal into (+) or out of (-) control volume Grams per cm 2 

1 Average metal grade within leached capping Weight percent metal 

lmin Minimum average metal grade within leached capping Weight percent metal 

lb Residual copper grade in leached capping interval used in grade reconstruction Weight percent metal 

Dr Open-system total leached column height Meters 

L• Calculated total leached column height assuming a closed system, i.e., zero Meters 
lateral flux 

Total leached column height based on reconstructed blanket grades prior to 
oxidation of leached capping 

Average metal grade within protore 

Volume ratio of pyrite to chalcocite 

Reconstructed (py/cc) prior to oxidation for rocks previously enriched, now 
leached; based on limonite interpretation 

Topographic surface constructed from L• columns plus elevation of top of 
blanket (ETB) 

Topographic surface constructed from Lx,. columns plus ETB 

Former volume percent sulfides, estimated by volume of indigenous limonite 
voids 

Multiplication factor to convert V. to b.; based on sulfide stoichiometries and 
specific gravities (see Table 1) 

Depth 

Depth of redox boundary; progress variable for supergene enrichment process 
under conditions of descending water table 

Rate of change of reconstructed blanket grade with depth in present leached 
capping; subscripted parameters (x, y, z) held constant 

Rate of change of former metal grade in enriched zone with progress variable 
(depth of redox boundary); subscripted parameters (x, y. z) held constant 

Average rock density of enrichment blanket 

Average rock density of leached capping 

Average rock density of protore 

LT. a Meters 

P 

(py/cc) 

(py/cc)a 

SL-• 

SLT,a 

v. 

Xcu 

z 

ZR 

Pl 

Pp 

Weight percent metal 

Unitless number 

Unitless number 

Meters (elevation) 

Meters (elevation) 

cm a 

Percent copper per cm a 

Meters 

Meters 

Percent metal per meter 

Percent metal per meter 

Grams rock per cm a 

Grams rock per cm a 

Grams rock per cm a 

changes were observed in lithology, alteration min- 
eralogy, or limonite characteristics. Where outcrops 
were unavailable, the top portions (generally 60 m) 
of diamond drill holes were used. Midpoint locations 
of the composite samples are shown in Figure 4. 
Composite samples were prepared for analysis using 

500 g of each hand sample where available. Samples 
were analyzed by powder X-ray diffraction (XRD; Fig. 
4) and various geochemical techniques, the results of 
which will be presented elsewhere. 

Estimation of (py/cc), for each sample was based 
on the empirical correlations summarized in Table i 
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FIG. 4. Alteration mineralogy of surface exposures at La Es- 
condida, based on semiquantitative interpretation of powder X- 
ray diffraction (XRD) data for more than 200 composite samples 
from roadcuts, trenches, and the upper portions of diamond drill 
cores. Each symbol on the map denotes a composite sample, as 
described in text. Open symbols -- presence of greater than trace 
amounts of sericite; solid squares = advanced argillic-abundant 
pyrophyllite with locally abundant alunite, diaspore, and kaolinitc; 
open squares = phyllic-advanced argillic-sericite and pyrophyllite 
both moderately abundant, with locally abundant alunite, kaolin- 
itc, and diaspore; open triangles = phyllic-abundant sericite, with 
locally abundant kaolinitc; open circles -- phyllic-potassic-fresh- 
both sericite and feldspar (plagioclase and/or K-feldspar) mod- 
erately abundant, with locally abundant chlorite and biotite; solid 
circles -- potassic-propylitic-fresh-abundant feldspar(s), with 
biotite, chicrite, and/or epidote; solid triangles -- summits of hills 
A, B, and C, at elevations 3,436, 3,355, and 3,194 m above sea 
level, respectively. 

and Figure 1. The former sulfide volume V, was de- 
termined by visual comparison with standard charts 
for each individual hand sample and then averaged 
with other samples in the group to yield the composite 
value. For each composite sample, the relative abun- 
dance and Munsell color of the six most common li- 
monite minerals or mineral mixtures were logged, 
with attention to mode of occurrence (indigenous vs. 
transported), texture, and mineralogy. Mineralogical 
identification of limonites was based on dry scratch 
color, using a Munsell Soil Color Chart (Munsell Color 
Company, 1975) and data supplied by Loghry (1972). 
Results of XRD analysis of several dozen limonite 
separates shows good agreement with color data for 
limonite minerals from several southwestern U.S. 
porphyry deposits (Loghry, 1972) and other sources 
(e.g., Torrent et al., 1980). La Escondida hematites 
show Munsell scratch colors in the narrow range of 
10R 4/6 to 10R 5/8. Dilution by gypsum or silica 
causes an increase along the value color axis, to colors 
such as 10R 4/10. La Escondida jarosites have scratch 

colors ranging from 2.5Y 8/6 to 5Y 8/10. Pure goe- 
thites show scratch colors close to 10YR 6/8. La Es- 
condida goethites appear to be quite low in diaspore 
component (<4 mole % A1OOH), based on analysis 
of XRD peak positions (Schulze, 1984). Scratch colors 
between Munsell hues 7.5YR and 2.5YR were inter- 
preted to consist of mixtures of hematite and goethite, 
with or without jarosite, as confirmed by XRD analysis 
of several samples. 

Reconstructed copper-grade estimates were made 
without knowledge of sample location, to ensure ob- 
jectivity. This is quite a different procedure from tra- 
ditional surface mapping, where geologic features are 
mentally integrated, in many cases subjectively, to fit 
evolving patterns and models of a structural nature. 
In this sense, the approach to surface mapping taken 
here is akin to a geochemical sampling program, 
where the determination of (py/cc),, V,, and b, are 
objective analytical results analogous to assays. Over- 
all uncertainty in estimates of b, may be as high as 
_+30 percent of the amount of copper formerly pres- 
ent; the main contributor to this uncertainty is prob- 
ably the volume term. 

Alteration and Sulfide Mineralization 

An introduction to the lithology, alteration, and 
mineralization of the porphyry copper deposit at La 
Escondida, Chile, was provided by Brimhall et al. 
(1985). In that study, principles of mass balance were 
applied to vertical profiles of copper grade and rock 
density to deduce the magnitude and probable direc- 
tions of lateral supergene copper fluxes. The geo- 
chronology of hypogene and supergene alteration and 
the erosional history at La Escondida are described 
by Alpers (1986) and Alpers and Brimhall (1988). 
Additional detail regarding the paragenesis of hypo- 
gene sulfide veins in the district is given by Alcayaga 
(1984). In this section, we present mineralogic data 
concerning the distribution of hypogene and super- 
gene wall-rock alteration and sulfide mineralization 
at La Escondida as necessary background to interpre- 
tation of dominant chemical and hydrologic controls 
on supergene metal transport. 

Hypogene alteration 

Mineralogic data from semiquantitative XRD stud- 
ies of several hundred surface and downhole com- 

posite samples are summarized in Figure 4. Subsur- 
face alteration data along a north-south cross section 
are given by Alpers and Brimhall (1988). A significant 
correlation is displayed at La Escondida between hy- 
pogene alteration mineralogy and mobility of copper 
in the supergene environment (Brimhall et al., 1985), 
as is typically observed in porphyry copper deposits 
(McClave, 1973; Titley, 1982). 

Potassic alteration is manifested differently in the 
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different wall rocks at La Escondida. Pervasive bio- 

titization and K-feldspar veining characterize an an- 
desitic unit, which is exposed at the surface in the 
southwestern and extreme northern portions of the 
district (Fig. 4; also refer to geologic map and cross 
section by Alpers and Brimhall, 1988). Within the 
porphyritic intrusions in the southeast zone (between 
hills B and C), veins of potassium feldspar, anhydrite, 
quartz, and biotite are preserved locally beneath the 
zone of intense phyllic alteration (and deepest su- 
pergene alteration). A transition zone of mixed phyl- 
lic-potassic alteration with both sericite and feldspar, 
plus chlorite after biotite separates the potassic zone 
from the phyllic zone throughout the district. In Fig- 
ure 4, this mixed phyllic-potassic alteration assem- 
blage is lumped together with relatively fresh rocks 
which contain sericite and unaltered feldspar to make 
up a zone labeled "phyllic-potassic-fresh." Although 
it is possible that some of the sericite is of supergene 
origin, 'a hypogene origin is most consistent with ra- 
diometric age data (Alpers and Brimhall, 1988) and 
stable isotope data (Bird, 1988). 

Propylitic alteration characterized by epidote, 
chlorite, and calcite is found in fringe areas (generally 
beyond the area shown in Fig. 4), apparently grada- 
tional and contemporaneous with the potassic alter- 
ation. Geologic observations and radiometric dating 
of hypogene alteration minerals from La Escondida 
(Alpers, 1986; Alpers and Brimhall, 1988) are con- 
sistent with the model of Rose (1970) and others (e. g., 
Beane and Titley, 1981) who envision an early pro- 
pylitic fringe surrounding the potassic zone, with later 
zones of phyllic and advanced argillic alteration su- 
perimposed on this early pattern. 

Phyllic alteration is defined for this study by the 
presence of abundant sericite without significant pro- 
phyllite or feldspar. The phyllic zone dominates the 
central portion of the district (Fig. 4) and extends to 
the northwestern part of the district along a deep 
trough controlled by fault structures with possible 
syn- and posthypogene fault displacements. 

Advanced argillic alteration at La Escondida is 
characterized by abundant pyrophyllite, with locally 
abundant diaspore, alunite, and svanbergite (Stoffre- 
gen and Alpers, 1987) and with no more than trace 
amounts of sericite. At the scale of the composite 
samples, the pervasive advanced argillic assemblage 
is found only in the area of hills A and B (Fig. 4). A 
mixed zone of advanced argillic-phyllic alteration, in 
which pyrophyllite and sericite are both moderately 
abundant in whole-rock samples, separates the ad- 
vanced argillic and phyllic zones (Fig. 4). The strong 
inverse correlation between sericite and pyrophyllite 
abundance in the mixed phyllic-argillic zone suggests 
that the advanced argillic alteration was superimposed 
on a preexisting phyllic zone (cf. Gustafson and Hunt, 
1975); however, there are no direct petrographic ob- 
servations to support this interpretation. Silicification 

accompanying advanced argillic alteration probably 
accounts for the preservation of these areas as hills. 
This topography may have been an important con- 
tributing factor to lateral fluxes of copper away from 
these hills during supergene enrichment at a time 
when the climate was significantly wetter (Alpers et 
al., 1984; Brimhall et al., 1985; Alpers and Brimhall, 
1988). 

Supergene alteration 

Mineralogical effects caused by supergene altera- 
tion of gangue minerals include the destruction of 
feldspars, chlorite, biotite, and anhydrite and the de- 
position of supergene kaolinite, gypsum, and alunite. 
Supergene kaolinite is rare or absent in zones of per- 
vasive advanced argillic alteration and mixed phyllic- 
advanced argillic assemblages, but it tends to increase 
in abundance with depth in the phyllic and mixed 
phyllic-potassic(-fresh) zones. This distribution pat- 
tern probably corresponds to the former distribution 
of feldspars and other minerals (biotite and chlorite) 
which kaolinite has replaced; however, there is only 
limited petrographic evidence because of the texture- 
destructive nature of the supergene alteration and the 
locally intense (hypogene) brecciation. 

Supergene kaolinite alteration and dissolution of 
hypogene anhydrite extends to depths well below the 
base of strong copper enrichment, to a zone defined 
as the quasi-protore (Brimhall et al., 1985). In general, 
the quasioprotore is a zone which has experienced 
minimal supergene metal enrichment, but which ex- 
hibits measurable changes in mineralogy and bulk 
physical properties (reduced density and increased 
porosity) due to supergene alteration (Cunningham, 
1984). 

Supergene alunite occurs as cryptocrystalline veins 
and fracture coatings up to 1 cm in width and as fine- 
grained disseminations throughout the phyllic and 
advanced argillic alteration zones. Preliminary dis- 
tinctions between supergene and hypogene alunite 
based on grain size and color have been confirmed 
by sulfur isotope analysis and K-Ar dating (Alpers and 
Brimhall, 1988). The spatial distribution of supergene 
alunite extends to depths of at least 50 m below the 
elevation of the present top of the sulfides, in contrast 
with supergene kaolinite, which extends to several 
hundred meters depth below the present top of the 
sulfides. Supergene alunite in the leached capping 
zone has been extensively replaced by jarosite (FeAI_• 
exchange), the iron made available by pyrite oxida- 
tion. 

Hypogene sulfide mineralization 

It is possible to outline only the most general fea- 
tures of districtwide hypogene sulfide zoning at La 
Escondida because most diamond drill holes at La 

Escondida did not go through the zone of incipient 
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copper enrichment into true protore or quasi-protore 
rocks (Brimhall et al., 1985). In general, the district- 
wide sulfide zoning correlates well with patterns of 
hypogene wall-rock alteration. The fringe areas, in 
zones of propylitic and weak potassic alteration, are 
characterized by a pyritic protore with traces of chal- 
copyrite and relatively low hypogene copper grades. 
Moving inward toward zones of phyllic and mixed 
phyllic-potassic alteration, chalcopyrite becomes 
more abundant relative to pyrite in protore sulfides 
and traces of bornite appear. Bornite abundance 
reaches a maximum in several relatively small pockets 
low in pyrite, generally associated with potassic al- 
teration overprinted by phyllic alteration. The born- 
ite-chalcopyrite zones are areas of maximum protore 
copper grade and represent the most central part of 
the hypogene sulfide zoning pattern, as presently ex- 
posed. 

Many other porphyry copper deposits show a sim- 
ilar overall sulfide zoning pattern: an innermost chal- 
copyrite-bornite zone with low pyrite, grading out- 
ward (and upward?) to a chalcopyrite-pyrite zone and 
then an outermost pyritic fringe (e.g., E1 Salvador, 
Chile, Gustafson and Hunt, 1975; Bethlehem, British 
Columbia, Briskey and Bellamy, 1976). There is no 
barren core of low total sulfides and abundant Fe-Ti 

oxides recognized at La Escondida at the present 
depth of exploration, in contrast to the hypogene 
mineralization zoning at numerous other porphyry- 
type deposits, including E1 Salvador, Chile (Gustafson 
and Hunt, 1975), Bingham, Utah (James, 1971), and 
Kalamazoo, Arizona (Lowell, 1968). This is one of 
several factors which suggest that only the higher 
levels of the mineralized system have been exposed. 
Minor amounts of magnetite are present in the born- 
ite-chalcopyrite zone at La Escondida, and significant 
amounts of magnetite ar,e present in the zone of po- 
tassic alteration affecting the andesitic unit exposed 
in the southwestern portion of the district (Fig. 4). 

Petrographic study of relict sulfides in polished 
sections of leached capping samples from La Escon- 
dida (Minera Utah de Chile, unpub. data) indicates 
that the original hypogene sulfide zoning now ob- 
served at the level of the present surface is similar to 
that observed at depth. One exception to the apparent 
vertical continuity of hypogene sulfide zoning is the 
northeastern part of the district (hill B, Fig. 4) where 
the rhyolitic porphyry contains relict sulfides com- 
posed mostly of pyrite, despite the presence of rela- 
tively high-grade bornite-chalcopyrite and pyrite- 
chalcopyrite protore at depth in that area. The rela- 
tively high original pyrite content of the rhyolitic 
porphyry contributed an abundant supply of sulfuric 
acid during weathering, which facilitated leaching of 
adjacent and underlying rocks (Brimhall et al., 1985). 
Crosscutting relations and radiometric age determi- 
nations (Alpers and Brimhall, 1988) suggest that the 
rhyolitic porphyry as well as several late dikes of 

quartz latitic composition were intruded after the 
main period of hypogene copper mineralization. 

Minor amounts of coarse-grained covellite of prob- 
able hypogene origin are observed locally in narrow 
((1 cm wide) veinlets in the present sulfide zone in 
association with advanced argillic alteration. Hypo- 
gene covellite, chalcocite, enargite, and tennantite 
are observed only rarely in relict sulfides trapped in 
quartz in the leached capping of the northwestern 
portion of the district (hill A, Fig. 4). In general, relict 
sulfides preserved in the leached capping zones of 
porphyry copper deposits represent early hypogene 
sulfides protected not only from supergene oxidation 
and/or enrichment but also from late hypogene sul- 
fidation effects (Gustafson and Hunt, 1975; Brimhall 
and Ghiorso, 1983). Thus, these late sulfides, indic- 
ative of relatively highfs• conditions, may have been 
originally more abundant at La Escondida in places 
unprotected from either late hypogene sulfidation or 
supergene oxidation effects. 

Supergene sulfide mineralization 

The replacement ofhypogene copper-iron sulfides 
by supergene copper sulfides represents the econom- 
ically critical step in the supergene enrichment of 
copper grades to mineable levels. Inorganic sulfate 
reduction in the subsurface is exceedingly slow at low 
temperatures (Ohmoto and Lasaga, 1982), so the 
principal source of sulfur in the supergene sulfides is 
probably the hypogene sulfides (Field and Gustafson, 
1976), although massive chalcocite at the extreme 
top of the enrichment blanket may represent a thin 
zone of bacterially mediated sulfate reduction. Quan- 
titative modal data for copper sulfide minerals from 
a representative vertical diamond drill hole at La Es- 
condida are shown in Figure 5. Samples were pre- 
pared by concentration of heavy minerals using heavy 
liquids (sp gr • 2.96 g/cmS). Modal line counting was 
performed using automated rock analysis techniques 
(Brimhall, 1979; Brimhall and Rivers, 1985). 

Digenite(-anilite) was distinguished from chalco- 
cite(-djurleite) by its sky-blue color in reflected light 
and its lower Cu/S ratio from electron microprobe 
analysis. The phase referred to here as supergene 
digenite(-anilite) may actually consist of digenite, an- 
ilite, or a mixture of the two phases. Digenite and 
anilite have nearly identical optical properties and 
composition and can be distinguished only by careful 
XRD without grinding, which can convert anilite to 
digenite (Clark and Sillitoe, 1971). In this paper, we 
refer to the sky-blue, isotropic phase(s) of the ideal 
composition CUl.70_l.74Fe0.05_0.018 as digenite(-anilite), 
although the exact mineralogy and composition of this 
phase remains undetermined. 

The upper portion of the zone of strong copper 
enrichment (Brimhall et al., 1985) is dominated by 
whitish-gray massive chalcocite (Sillitoe and Clark, 
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FIG. 5. Vertical profile of copper(-iron) sulfide mineralogy in 
diamond drill hole 219 (location shown in Fig. 8). Areas propor-. 
tional to copper contribution from each mineral. Sulfide miner- 
alogy determined by reflected light microscopy supplemented by 
electron microprobe analysis. Data gathered on heavy mineral 
separates from continuous downhole composite samples using au- 
tomated line-counting methods (Brimhall, 1979; Brimhall and 
Rivers, 1985). NA = not analyzed. 

1969) which probably consists of a fine-grained mix- 
ture of djurleite (Cul.9a4-•.965S) and low chalcocite 
(CUl.9,_2.000S) based on semiquantitative electron 
microprobe analysis (formulas from Potter, 1977). 
Traces of hypogene chalcopyrite, bornitc, and dige- 
nite were shielded from supergene replacement and 
persist in the zone of strong enrichment as less than 
10-/•m-diam inclusions in pyrite grains. In these in- 
clusions, digenite is invariably associated with bornitc 
and probably represents an exsolution product. In the 
zone of strong enrichment, chalcocite(-djurleite) has 
replaced virtually all hypogene chalcopyrite and 
bornitc as well as some of the pyrite. Toward the bot- 
tom of the zone of strong enrichment, the abundance 
of supergene digenite(-anilite) increases and chalco- 
cite(-djurleite) rims on pyrite grains decrease in 
thickness. In the zone of incipient enrichment, co- 
veilitc is the dominant supergene sulfide with traces 
of digenite(-anilite) and chalcocite(-djurleite). Minor 
amounts of idaitc (CuaFeS4) are associated with fine- 
grained covellite and chalcopyrite and are considered 
to represent a supergene replacement of bornitc (cf. 
Sillitoe and Clark, 1969). 

The modal pyrite content of the vertical profiles 
shows a variable distribution due to the presence of 
pyritic veins. This variability makes it impossible to 
document any systematic depletion of pyrite near the 
tops of the sulfide profiles, a relationship expected 
from the textural observation that chalcocite has re- 

placed pyrite extensively in the upper portion of the 
zone of strong enrichment. 

It is clear from detailed counting of sulfide assem- 
blages in composite profiles from several vertical dia- 
mond drill holes that the sulfide mineralogy in the 
upper portion of the zone of strong copper enrich- 
ment can be approximated by the assemblage super- 
gene chalcocite plus residual hypogene pyrite. This 
simplification provides a basis for the quantitative in- 
terpretation of limonites in the leached capping zone 
using the techniques described in the previous sec- 
tion. 

The overall, large-scale reaction sequence of chal- 
copyrite -• covellite --• digenite(-anilite) --• djurle- 
ite(-chalcocite) with increasing elevation (Fig. 5) can 
be explained most simply by an increasing oxidation 
potential within the stability field of (SO•2)aq. Analy- 
sis of natural waters in oxidizing sulfide systems has 
shown that these waters are sulfate dominated (Sato, 
1960; Thornber, 1975; Nordstrom, 1977; Sanga- 
meshwar and Barnes, 1983; Alpers, unpub. data). On 
a pE-pH diagram for the Cu-S-O-H system at 25øC 
and 1 bar (Fig. 6), it can be seen that this sequence 
is traversed with increasing oxidation potential or in- 
creasing pH in the sulfate field. Although aqueous 
SO4 and H•S do not equilibrate rapidly at low tem- 
peratures, Figure 6 still affords a useful representation 
of the reaction sequence, because aqueous H•S activ- 
ity decreases with increasing pE. The vertical zoning 
of supergene copper sulfides at La Escondida, in par- 
ticular, the digenite(-anilite) zone, either is not well 
developed in other copper deposits or has gone 
largely unrecognized. Previous discussions of copper 
sulfide stability within oxidized and enriched deposits 
(e.g., Garrels, 1954; Garrels and Christ, 1965; Sillitoe 
and Clark, 1969; Anderson, 1982) make no reference 
to the above zoning pattern in vertical supergene 
profiles, which may be a function of the lack of drilling 
to sufficient depths in some mining districts because 
of economic constraints. Some notable exceptions are 
the description of a similar copper sulfide sequence 
in the supergene-enrichment zone of the Musoshi 
stratiform copper deposit, Zaire (Cailteux, 1974), the 
reported occurrence of digenite near the base of the 
enrichment blanket at Chuquicamata, Chile (Ambrus, 
1979, 1980), and the observation of a hexagonal phase 
of composition CUl.saS in the enrichment blanket zone 
at E1 Teniente, Chile (Clark, 1972). The above se- 
quence of minerals has also been noted in low-tem- 
perature sediment-hosted strata-bound copper de- 
posits (RipIcy et al., 1980; Gablina, 1984), where the 
presence of djurleite indicates temperatures of for- 
mation below 93øC (Roseboom, 1966; Potter, 1977). 
The presence of a deep zone of incipient covellite 
enrichment beneath the chalcocite enrichment blan- 
ket has been noted briefly by previous workers (e.g., 
Bateman, 1950; Ambrus, 1979, 1980; Sillitoe et al., 
1984) but has received little geochemical interpre- 
tation in the literature. In well-enriched deposits such 
as La Escondida and Chuquicamata, the recognition 
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of a digenite(-anilite) zone may be useful for mine 
planning and grade control during mining, because 
the occurrence of digenite(-anilite) overlies the bot- 
tom of strong enrichment by several tens of meters. 

Known occurrences of covellite and blaubleibender 

covellite at higher elevations than the chalcocite zone 
are probably examples of metastable transition phases 
formed during oxidation of previously formed chal- 
cocite, djurleite, and/or digenite enrichment zones 
(Sillitoe and Clark, 1969; Marcantonio, 1976; Goble, 
1981; Maynard, 1983). Such an upper zone of co- 
vellite was not observed at La Escondida, an obser- 
vation consistent with the chalcocite enrichment 

blanket having been preserved by a rising water table, 
which contributed to the cessation of active supergene 
enrichment at La Escondida during the middle Mio- 
cene (Alpers et al., 1984; Alpers and Brimhall, 1988). 

Results of Leached Capping Interpretation 

Surface exposures 

A quantitative map of supergene limonites in sur- 
face exposures at La Escondida is presented in Figure 
7, interpreted in terms of the sulfide mineralogy prior 
to oxidation expressed as the (py/cc), ratio. The most 
striking feature of this map is the regularly concentric 
nature of the contour pattern for more than 200 com- 

posite samples (locations shown in Fig. 4). The jaros- 
itic zone at the margins of the district, interpreted in 
terms of (py/cc), ratio values greater than or equal to 
7:1, provides evidence for a pyritic fringe, a hypogene 
feature typical of porphyry copper systems (Rose, 
1970; Lowell and Guilbert, 1970; Gustafson and 
Hunt, 1975). Moving inward from the pyritic fringe 
zone, the (py/cc), ratio decreases systematically to 
minimum values less than 3:1 scattered throughout 
the central portion of the district in a roughly north- 
west-southeast trend. 

Estimates of reconstructed preoxidation enrich- 
ment blanket grades, b,, in present surface exposures 
(Fig. 8) show a roughly concentric pattern similar to 
the reconstructed preoxidation mineralogy (Fig. 7). 
The similarity of Figures 7 and 8 is testimony to the 
fact that the V, distribution does not show any sys- 
tematic or easily contourable variations throughout 
the district. It should be kept in mind during inspec- 
tion of Figures 7 and 8 that the present topographic 
surface where these mapping data were collected does 
not represent a single former enrichment blanket, but 
rather, a composite of former enriched zones from 
different stages during the supergene evolution of the 
deposit which are exposed at the present surface due 
to differential erosion. Higher elevations in the 
leached capping can generally be taken to represent 
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FIG. 7. Reconstructed pyrite chalcocite ratio, (py/cc),, for 
surface exposures, using methods described in text and correlations 
summarized in Figure 1 and Table 1. Location of composite sample 
midpoints shown in Figure 4. 

17I(;. 9. Present sulfide mineralogy, 2850 level (elevation in 
meters above sea level). Pyrite chalcocite ratio (py/cc) based on 
macroscopic core logging and underground mapping (Minera Utah 
de Chile, unpub. data). 

earlier stages in the supergene history of the deposit. 
In the central areas of Figures 7 and 8 near hills A 
and B, the surface exposures are up to 350 m above 
the present top of sulfides. The extreme thickness of 
leached capping in these areas has preserved the ev- 
idence for relatively weak, incipient copper sulfide 
enrichment near the present surface, which formed 
at relatively early stages of supergene evolution in 
the district. (See Brimhall et al., 1985, fig. 19A and 
B for topographic contour maps of surface elevation 
and the elevation of the top of the copper sulfide en- 
richment blanket.) 

It is useful to compare the results of limonite in- 
terpretation in surface exposures with the actual sul- 
fide mineralogy and copper grade of the present un- 
derlying copper sulfide enrichment blanket. The dis- 
tribution of the present py/cc ratio and present copper 
grades on the 2850 level are shown in Figures 9 and 
10, respectively. The pyritic halo can be recognized 
in Figure 9, although the data are limited to a smaller 
portion of the district than in Figures 7 and 8. Com- 
parison of the data in Figures 7 and 9 shows that py/ 
cc ratios at a given location in the present chalcocite 
blanket zone (Fig. 9) tend to be significantly lower 

than the reconstructed (py/cc), at the top of the pres- 
ent leached capping zone. This difference may be due 
to a combination of both hypogene and supergene 
sulfide zoning effects. A decreasing hypogene pyrite/ 
chalcopyrite ratio with depth could account for this 
difference; supergene effects such as progressively 
more complete replacement of pyrite by chalcocite 
with descent of the enriched zone through the rock 
column may also have been important, although this 
effect is difficult to quantify because of variability in 
the pyrite content. Petrographic evidence for super- 
gene replacement of pyrite by chalcocite is abundant 
in samples from throughout the zone of strong en- 
richment at La Escondida, indicative of the mature 
nature of the sulfide enrichment process (Titley, 
1982). 

There is also a significant difference between the 
copper grade of the present enrichment blanket and 
that of the reconstructed former enrichment blan- 
ket(s) at the present surface. The reconstructed blan- 
ket at the present surface (Fig. 8) has zones of max- 
imum grade (>1.5% Cu) in several restricted zones 
with a total areal extent of less than 0.2 km 2, whereas 
the present enrichment blanket at the 2850 level (Fig. 

17I(;. 8. Reconstructed former enriched zone copper grade, 
b,, for surface exposures. Location of diamond drill holes 219 
and 176 shown as points G and H, respectively. 

iii, 

%Cu 't 2850 Level 

A' 

...... iil..•:• .... ':":.'. 

17I(;. 10. Present copper grade, 2850 level. Based on geologic 
ore reserve (Minera Utah de Chile, unpub. data). Grade regions 
are not necessarily concentric. 
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10) averages •1.5 percent Cu over more than 2.0 
km 2. The dramatic increase in enriched copper grade 
from the zones of former enrichment at the present 
surface to the present sulfide enrichment blanket is 
attributed to the phenomenon of cumulative down- 
ward enrichment. First proposed by Locke (1926) 
and mentioned by others (Bateman, 1950; Ambrus, 
1979; Titley, 1982; Anderson, 1982) as an intuitive 
likelihood, progressive cumulative enrichment results 
from the long-term descent of the oxidation-reduction 
(redox) front through the rock column, allowing the 
enriched zone at the top of the reduced zone to ac- 
cumulate protore copper progressively as the redox 
front descends (Brimhall et al., 1985). 

The actual location of the redox front is not pre- 
cisely at the water table per se, but rather, at the top 
of the capillary fringe, a zone where water pressure 
is less than atmospheric, yet pores are full of water 
by capillary suction (Freeze and Cherry, 1979). The 
detailed geometry and thickness of the capillary fringe 
zone remains poorly documented in fractured-rock 
systems, however; for simplicity, we refer to the redox 
front and water table interchangeably. 

The cumulative enrichment effect will only be re- 
alized in systems where rates of sulfide oxidation and 
water infiltration are able to keep pace with rates of 
erosion and water table descent. As a supergene en- 
richment system evolves, both the grade and thickness 
of the enrichment blanket may increase as a function 
of time and depth, depending on factors discussed by 
Brimhall et al. (1985) and below. In the next section, 
results of quantitative limonite mapping in vertical 
profiles at La Escondida are used to document the 
cumulative downward enrichment effect and to verify 
the calibration of the quantitative mapping techniques 
used in this study. 

Vertical profiles 

Vertical profiles of actual copper grades in enriched 
profiles (Figs. 5, 11, and 12) show maximum copper 
grades near the top of sulfides in the uppermost por- 
tion of the zone of strong enrichment. Assuming the 
net downward movement with time of the redox front, 
it seems reasonable to conclude that b, determined 
from the oxidation products within a given volume of 
enriched rock represents the maximum enriched 
copper grade attained by that volume of rock prior 
to oxidation. 

Quantitative limonite mapping and copper-grade 
reconstruction were carried out for 13 vertical dia- 

mond drill holes; representative results from two of 
these profiles are shown in Figures 11 and 12 (loca- 
tions in Fig. 8). Core logging was carried out in con- 
tinuous composite intervals of 20 m or less where 
macroscopic changes in alteration, lithology, or li- 
monite characteristics were encountered. 

In all 13 leached capping profiles examined in de- 
tail, the estimated former blanket grade (b,) was found 
to increase systematically with depth, as illustrated 
in Figures 11 and 12. The reconstructed preoxidation 
sulfide mineralogy, expressed as the (py/cc), ratio, 
was also found to change toward less pyritic values, 
which can be attributed to both hypogene and su- 
pergene zoning effects, as discussed above. Estimated 
values of b, and (py/cc), near the base of the leached 
capping zone are in reasonable agreement with actual 
copper grades and py/cc values in the upper portion 
of the present enrichment blanket, as determined by 
atomic absorption assays, macroscopic core logging, 
and microscopic modal anhlysis of heavy mineral sep- 
arates prepared from composite assay pulps (e.g., 
Fig. 5). 

The relatively continuous increase of b,, with depth 
in Figures 11 and 12 indicates that the redox front 
dropped in a relatively continuous manner, for the 
most part by increments of distance less than the 
composite mapping interval of 20 m. Local maxima 
in b,, may represent elevations where the redox front 
resided for a relatively long time and from which there 
was a relatively catastrophic drop in redox front ele- 
vation by a vertical distance greater than the mapping 
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FIG. l 1. Vertical profiles of estimated former enriched zone 
copper grade in leached capping, b, (open circles) vs. depth for 
diamond drill hole 219. Location of drill hole indicated in Figure 
8. Actual copper grades (determined by atomic absorption) for 
continuous composite samples shown in solid circles. Diameter 
of circles proportional to composite sample length (8-20 m). 
Dotted line represents result of linear least squares regression for 
b, vs. depth (z): b, = 0.0051(z) + 0.375; n = 17, r • = 0.58. Rock 
types: (1) rhyolitic porphyry and (2) Escondida porphyry (quartz 
monzonite?), described by Alpers (1986). Alteration types: (a) 
advanced argillic, (b) phyllic-advanced argillic, (c) phyllic, (d) 
phyllic-potassic(-fresh), as described in Figure 4 caption. Symbols 
ETB and EBB are explained in Table 3 and text. 
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interval. The thickness of the enriched zone prior to 
relatively sudden water table descent must have been 
at least 60 m, because-limonite mineralogy and tex- 
tures indicate oxidation of a pyrite-chalcocite assem- 
blage of copper grade greater than protore; no angular 
goethitic boxworks indicative of chalcopyrite oxida- 
tion (Blanchard, 1968) were observed. Therefore, it 
appears that the water table did not drop far enough 
to expose unenriched protore sulfides to oxidation af- 
ter the very initial stages of enrichment, the record 
of which is preserved only sporadically at the present 
surface (J. H. Courtright, pers. commun., 1983). 

The mapping of diamond drill core from vertical 
holes in leached capping can therefore provide quan- 
titative evidence for cumulative enrichment of the 

chalcocite zone as it descended through the rock col- 
umn. The changing elevation of the redox boundary 
can be considered as a progress variable for the su- 
pergene enrichment process, acting essentially as a 
proxy for time as the water table descended through 
the rock column, exposing new volumes of sulfides to 
conditions of oxidative weathering. The reconstructed 
parameters (py/cc), and b, represent approximations 
for the former sulfide mineralogy and total copper 
grade, respectively, of the sulfide-bearing rocks im- 
mediately prior to oxidation, taking into account im- 
plicitly any cumulative effects of enrichment prior to 
oxidation. Thus, in a well-preserved supergene sys- 
tem, information concerning the copper grade and 
mineralogy of formerly enriched zones is stored by 
the residual limonite minerals of characteristic texture 

and mineralogy in the leached capping zone. It is 
necessary to decipher this record in order to under- 
stand the dynamic chemical evolution of the super- 
gene enrichment system. 

Geochemical Dynamics of Supergene 
Enrichment Systems 

In general, only descending or steady-state ground- 
water table conditions are favorable to supergene 
copper sulfide enrichment (Bateman, 1950; Brimhall 
et al., 1985). If the ground-water table ascends and 
saturates the zone of oxidative leaching, this can lead 
to the depletion of dissolved oxygen and ferric iron, 
resulting in the cessation of sulfide oxidation and pre- 
cluding further downward copper transport. The de- 
scent of the ground-water table need not be contin- 
uous in time; temporary ascent of the ground-water 
table, or a time interval without significant water in- 
filtration, would cause temporary cessation of super- 
gene reaction progress, which would become reac- 
tivated upon further ground-water table descent or 
water infiltration (Bladh, 1982). 

In the following section, analytical expressions de- 
rived by Brimhall et al. (1985) for mass balance in 
weathering profiles are combined with observations 
from La Escondida to derive two contrasting models 
for the dynamic geochemical evolution of supergene 
enrichment systems under conditions of a descending 
water table. 

Mass balance considerations 

Brimhall et al. (1985) derived the following 
expression for mass balance in vertical weathering 
profiles: 

B(bob - pop) = Dr(POp - 10•) + flux, (2) 

where 1, b, and p represent average metal grades in 
leached capping, enrichment blanket, and protore 
zones, respectively; o•, oh, and Op denote the average 
bulk density of the subscripted zones (in g/cmS); B 
represents the thickness (m) of the enriched zone; • 
represents the total thickness of the leached capping 
zone, including eroded material; and flux refers to 
lateral fluxes of metal (in g/cm 2) either into or out of 
the volume of rock represented by the vertical profile 
or drill hole. For a closed system where flux = 0, this 
equation reduces to: 

B(bpb - ppp) = LPr(ppp - lpl), (3) 
where LPr denotes total leached column height assum- 
ing no lateral flux. Bearranging eq. (3) to solve for b 
yields: 

(1) (2) (3) (4) 

) b = pop + \•/•, •o'• ' (4) Pb 
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an expression which can be used as a framework for 
describing the interrelationships of metal grades, bulk 
densities, and zone thicknesses in an evolving super- 
gene system (Brimhall et al., 1985). 

If term (2) and either term (3) or (4) are assumed 
to remain constant with time, then eq. (4) reduces to 
the equation for a straight line. Holding terms (2) and 
(3) constant implies that blanket thickness increases 
in direct proportion to the total cumulative thickness 
of the leached zone, whereas holding terms (2) and 
(4) constant implies that leached zone grade stays 
constant through time. These alternative sets of as- 
sumptions form the basis for the models described in 
detail below. 

Under conditions of a descending water table, the 
elevation of the redox front, ZR, can be thought of as 
the progress variable for the cumulative enrichment 
process. Based on reconstructed profiles of b, vs. 
depth (Figs. 11 and 12), we stipulate for the purpose 
of the following simplified models that average en- 
richment blanket grade increases as a linear function 
of the progress variable, z•, during evolution of the 
supergene enrichment system. In the following dis- 
cussion, we explore the algebraic implications of this 
assumption in the context of two contrasting analytical 
models for supergene profile evolution. The paleo- 
hydrologic implications of these models are then 
evaluated by comparison of the analytical expressions 
with field data from La Escondida. 

Increasing blanket thickness (IBT) model 

In the increasing blanket thickness model, we hold 

the quotient LPr constant for all values of z•, which 
B 

implies that the enrichment blanket thickness, B, 
grows linearly in proportion to the total cumulative 
leached column height, LPr. Protore grade, p, and all 
density terms are also assumed to remain constant 
with respect to the progress variable, ZR. Insufficient 
drilling data are available to define vertical variations 
in protore grade at La Escondida; however, lateral 
variations in protore grade are accounted for because 
a different value of p is computed for each drill hole. 
Average bulk densities of oxidized, enriched, and 
protore zones at La Escondida are 2.42, 2.53, and 
2.57 g/cm s, respectively. Treating each of the density 
variables as a constant during evolution of the weath- 
ering profile is a reasonable simplifying assumption. 

In the increasing blanket thickness model, the rate 
of water table descent is relatively rapid with respect 
to the rate of sulfide oxidation and copper leaching. 
In this model, the average grade of the leached zone 
decreases continuously and the average blanket grade 
increases in response to the descending water table. 
This relationship is displayed graphically in Figure 
13A and B for a schematic copper grade profile. A 

maximum blanket grade, bma•, is attained when the 
average leached zone grade reaches lmin, which can 
in practice be as low as 0.01 to 0.02 percent Cu (Figs. 
11 and 12). 

The derivative of eq. (4) with respect to z• for the 
increasing blanket thickness model, holding the sub- 
scripted variables constant, is expressed by: 

B 

(5) 

By ignoring the density terms for the sake of simplic- 
ity, the algebraic relationship in eq. (5) can be inter- 
preted graphically in Figure 13A and B. These dia- 
grams show four stages in the evolution of the leached 
and enriched zones, showing the incremental progress 
of z•.n for (n -- 1, 2, 3, . . . max). The symbols bn, 1•, 
LPr.•, and B• indicate that the variables b, 1, LPr, and 
B are all functions of z•. A comparison of the algebraic 
derivations and the graphical interpretation for Figure 
13 is given in Appendix II. 

Complete incremental leaching (CIL) model 

An alternative interpretation of eq. (4) with sig- 
nificantly different implications for the manner of 
growth of the enriched zone as a function of the de- 
scent of the ground-water table is to allow term (3) 

in eq. (4), -•-, to change as a function of z•, and to 
consider term (4) in eq. (4) to be constant. This case 
corresponds to a relatively rapid rate of sulfide oxi- 
dation relative to the rate of water table descent. After 

each incremental drop in the water table, essentially 
complete leaching is allowed to take place prior to 
the next incremental drop. For each increment of wa- 
ter table descent, the average leached zone grade ap- 
proaches lmin, which is a function of rock type, alter- 
ation mineralogy, the effective Me/S ratio in sulfides, 
and the total sulfide content. As in the increasing 
blanket thickness model, the protore grade and the 
density terms remain constant with z• in the complete 
incremental leaching model. Thus, with the sub- 
scripted constants, the partial derivative orb with re- 
spect to z• from eq. (4) is expressed by: 

0b 0b 

= (.(ppp :.lmin•01//1_ L• OS /\s ' 
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FIG. 13. Increasing blanket thickness model for dynamic evo- 
lution of supergene enrichment system. A. Schematic plot of cop- 
per grade vs. depth, showing enrichment blanket thickness, B., 
growing in direct proportion to total leached column height, 

o 

o I-•r,,, at a constant ratio, • with constant protore grade, p. Leach- 
B 

ing becomes progressively more complete as the water table de- 
scends. Ruled areas (n -- 3) are equal because of mass balance 
constraints, neglecting density terms for simplicity (see Appendix 
II). B. Schematic composite plot of b•(zR) and l(zR) vs. (p - l(za)), 
with both b and 1 changing as functions of the progress vari- 

able, za, in direct proportion to the slope -•-, neglecting density 
terms. 

The model represented by eq. (6) is nonlinear in 
terms of the predicted increase in average blanket 
grade, b, as a function of zR and blanket thickness, B. 
However, this expression becomes linear if the sim- 
plifying assumption is made that the blanket thickness, 
B, does not change as a function ofzR, as shown below. 
In support of this assumption, consider that the depth 
of enrichment depends largely on the local hydrology, 
including such factors as the permeability of the var- 
ious alteration zones, topographic relief, and rates of 
precipitation and infiltration, as well as on the kinetics 
of secondary mineral precipitation relative to the rate 
of ground-water flow in the lower portion of the blan- 
ket zone. It could be reasonably argued that the depth 
of circulation of meteoric waters is established rela- 

tively early in the evolution of a supergene system in 
response to the local hydrology (e.g., Mocoa, Colom- 
bia, Sillitoe et al., 1984). As a supergene system 
evolves, the enrichment blanket thickness could re- 
main more or less constant if the other factors con- 

trolling the depth of enrichment remain in balance. 
In this scenario, copper picked up during redox front 
descent would contribute to an increase in the grade 
of the enrichment blanket but not to its thickness. 

Thus, for a special case of the complete incremental 
leaching model in which the blanket thickness, B, re- 

mains constant as a function of za, = 0, so that 

eq. (6) reduces to: 

The case represented by eq. (7) is illustrated graph~ 
ically for a schematic grade profile in Figure 14A and 
B. See Appendix II for further derivation of graphical 
and algebraic interpretations of Figure 14A and B. 

Summary and discussion of the increasing blanket 
thickness and complete incremental 
leaching models 

The observation that the average enriched zone 
metal grade increases as a linear function of the total 
leached depth has been incorporated in two contrast- 
ing models for the dynamic evolution of supergene 
geochemical systems: the increasing blanket thickness 
and the complete incremental leaching models intro- 
duced above. Both models are based on the expression 
in eq. (4) for mass balance in redistributive geochem- 
ical profiles, taking different combinations of variables 
as constants as a function of the progress variable, za 
(depth of redox boundary). Both models refer to a 
transient ground-water flow regime with a net de- 
scending water table and redox boundary. 

The increasing blanket thickness model (Fig. 13) 
refers to a relatively sudden hydrologic disturbance, 
where the rate of water table descent is rapid relative 
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FIG. 14. Complete incremental leaching model for dynamic 
evolution of supergene enrichment system. A. Schematic plot of 
copper grade vs. depth, showing descent ofredox front at constant 
enriched zone thickness, B.. Average leached zone metal grade 
reaches minimum value, lmi•(=lz = 1• = lS), after each incremental 
descent of the redox front. Shaded areas (n -- 3) are equal in area 
because of mass balance constraints, as in Figure 13A (see Ap- 

pendix II). B. Schematic plot ofb(z•) andl(zR) vs. • , showing 
increase of b(za) with increasing -- at a constant slope equal 
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(p - lmin) 
to --, neglecting density terms. 
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to the rate of sulfide oxidation in the leached zone. 

In contrast, the complete incremental leaching model 
(Fig. 14) refers to a more gradually changing water 
level, with sufficient time between incremental drops 
of the water table to allow for complete leaching of 
sulfides newly exposed to oxidation. The increasing 
blanket thickness model provides a description of the 
growth of the enrichment zone in both grade and 
thickness as the leached zone grade is gradually de- 
pleted, whereas the complete incremental leaching 
model describes the depletion of leached zone grade 
to its minimum value (Irain) for each incremental drop 
in water table elevation with a constant blanket thick- 
ness. 

The increasing blanket thickness model is charac- 
terized by a continuous increase of the enriched 
blanket thickness (B) in proportion to the total leached 
column height (I-fir) with a continuously decreasing 
average leached capping grade (1). This model leads 
to eventual attainment of a maximum blanket grade 
(braax) when the minimum average leached capping 
grade (Irain) is reached. These grades are likely to vary 
among different rock types and alteration assemblages 
in a single deposit, depending largely on the Me/S 
ratio in sulfides, the total sulfide content, and the 
reactivity of wall rock. In contrast, no maximum grade 
is implied for the enriched zone in the complete in- 
cremental leaching model, except by cessation of 
conditions favorable to oxidative weathering, includ- 
ing climatic, hydrologic, and geomorphic regimes. 

In natural systems, it is conceivable that both mod- 
els may apply at different times during the evolution 
of a single supergene system and over different time 
scales. Factors such as climate, bacterial activity, to- 
pography, and tectonic history significantly influence 
the relative rates of sulfide oxidation, erosion, and 
ground-water table descent. We infer that faster ero- 
sion rates associated with more humid climates would 

favor the increasing blanket thickness model. Con- 
versely, more arid climates would favor the complete 
incremental leaching model, providing that sufficient 
infiltrating water is available to flush the oxidation 
products from the oxidized zone to the reduced zone 
below the water table. 

Supergene evolution at La Escondida, as recorded 
in the limonite assemblages in the leached capping 
zone, is consistent with the complete incremental 
leaching model for the overall supergene evolution 
of the deposit, given the essentially complete copper 
leaching evident in vertical profiles such as those in 
Figures 11 and 12. However, the increasing blanket 
thickness model may have been operative for certain 
portions of the supergene history. 

The above models are considered valid only in the 
absence of perturbations, such as fault displacements 
or major climatic changes, which have significant im- 
pacts on the hydrologic setting. For example, such an 

event may have been partly responsible for raising 
the water table at La Escondida above the present 
top of sulfides throughout most of the district, acting 
along with regional climatic desiccation to preserve 
the system from further oxidation since the middle 
Miocene (Alpers et al., 1984; Brimhall et al., 1985; 
Alpers and Brimhall, 1988). 

Estimation of lateral copper flux 

The downhole mapping data can be used to carry 
out an approximate check on whether or not a given 
vertical profile is balanced in terms of lateral copper 
flux. This check is independent of the mass balance 
calculations described by Brimhall et al. (1985), which 
are based on an inventory of hypogene and supergene 
copper in a given profile. The rate of increase of en- 
richment blanket copper grade, b,, with depth can 

be quantified as the slope • for each vertical profile 
by linear regression of the downhole mapping data 
in each profile. To assess whether or not the rate of 
increase of former blanket grades with depth is con- 
sistent with closed-system mass balance constraints 
and therefore could have taken place without signif- 

icant lateral copper fluxes, the slope -•z is compared 

with the parameter (0•zb•) , which was defined in CIL 

(0•zb•) (ppp-lpl) The derivatives eq. (7) as -- 
cm BO•, 

-- can be compared because it is as- 
(•Z CIL 
sumed that each value orb, represents a reconstructed 
blanket grade for a different location of the redox 

front. Evaluating (0•zb•) for the profile in Figure 11 CIL 

yields: 

bR)ciL = 
0.89% Cu (2.57 g/cm a) 

- 0.12% Cu (2.50 g/cm a) 
152 m (2.55 g/cm a) 

= 0.00513% Cu/m, which is in remarkable agreement 
with the slope calculated by regression from the li- 

monite mapping data: • = 0.00509 percent Cu/m. 
The drill holes shown in Figures 11 and 12 are 

located in a part of the Escondida district with little 
indicated lateral copper flux, based on bulk mass bal- 
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ance calculations (Brimhall et al., 1985) which as- 
sumed leaching from an original top of copper sulfides 
at 3,300 m above sea level, near to the present to- 
pographic surface in this portion of the deposit. This 
lack of overall lateral flux is consistent with the apo 

proximate equality of•bz" and/0b/ for this profile. •G]ZR/cI L 
For the other 12 vertical leached capping pro- 
files mapped in detail, those with little or no indi- 

cated lateral flux also show values of • which agree 

( 0b ) evaluated using copper grade closely with •z• cm 
and bulk density data from the individual profiles. In 
contrast, the profiles with evidence of positive lateral 
flux (sink regions) based on mass balance calculations 
as described by Brimhall et al. (1985), exhibit values 

ofthe slope 0b" greater than ( 0b ) 0z •z• cm' consistent with 
positive lateral flux into those profiles. Profiles with 
net negative values of lateral flux (source regions) 

show values of 0b" less that ( 0b ) 0Z •RZR CIL' 
The lower portion of the leached capping zone in 

the b, vs. depth profiles in Figures 11 and 12 show a 
0b, 

significantly higher slope, 0•- • 0.010 percent Cu/ 
m, over a vertical interval of about 100 m in both 
profiles. Given that these vertical holes are only 200 
m apart (Fig. 8), this interval of increased slope can 
be correlated with some confidence between these 

profiles. The increased slope could indicate lateral 
flux of copper into both profiles during late stages of 
supergene evolution, or alternatively, could represent 
a fundamental change of the physical and chemical 
properties of the rock type and/or wall-rock alteration 
with depth in this area. Note that the hypogene al- 
teration in these profiles shows significant vertical 
variations (Figs. 11 and 12). Reductions in perme- 
ability due to precipitation of supergene minerals 
would certainly have affected the hydrology locally 
and could have led to the formation of a relatively 
thinner enrichment blanket of higher average grade 
toward the end stages of the leaching and enrichment 
process. Carried to the extreme, the precipitation of 
secondary phases such as supergene kaolinitc, alunite, 
and chalcocite could serve to reduce permeability to 
the extent that downward infiltration would be sig- 
nificantly reduced and lateral ground-water fluxes 
could then result. This mechanism may account for 
the lateral migration of copper-rich solutions from the 
oxidized zone of some supergene systems, manifested 
as exotic chysocolla-atacamite mineralization in river 
gravels as at the Exotica mine, near Chuquicamata, 
Chile (Newberg, 1967; Mortimer et al., 1977). 

Estimation of total leached column height and 
palcotopography 

Vertical profiles of b, may also be used to estimate 
the total thickness of the zone of oxidation and copper 
leaching, including eroded material. This is best ac- 
complished by using b, profiles in conjunction with 
mass balance calculations. If we consider that the 

blanket grade starts out equal to the protore grade 
and then increases according to eq. (4), then the ele- 
vation where the blanket grade was originally equal 
to the protore grade should define the point in space 
where enrichment began. In the following discussion, 
we assume that the protore grade is constant for each 
individual vertical profile. Thus, the elevation where 
mapped b, equals the protore grade defines an ele- 
vation which we will call SI_•r,,, corresponding in 
principle to the elevation of the first copper enrich- 
ment for that vertical profile. The corresponding total 
leached column height I-•r., is defined by I-•r,, -- SI_•r,, 
- ETB, where ETB is the elevation of the present top 
of the sulfide enrichment blanket (see Fig. 12). 

In the case where SI_•r,, is above the present surface 
(i.e., b, • p at the surface), erosion of formerly en- 
riched and subsequently leached material is indicated. 
It is of interest to compare values of SI_•r,, with the 
analogous but independently calculated parameter 
SLPr, defined as the sum of elevation ETB and distance 
LPr, which can be calculated for each drill hole from 
the mass balance expression in eq. (3). For the profile 
in Figure 11, the SI_•r,, and SLPr parameters agree 
within 20 m, providing confirmation of the balanced 
nature of this profile with respect to negligible net 
lateral copper flux. 

Also note in Figure 11 that the elevations SI_•r,, and 
SLPr are near a change in lithology in this profile. The 
upper 80 m of drill hole 219 is made up of pyritic 
rhyolitic porphyry (Alpers, 1986). Beneath the 
rhyolitic porphyry, the andesitc was much richer in 
hypogene copper-iron sulfides. It is concluded that 
only a weak copper sulfide enrichment blanket was 
present as the water table descended through the 
rhyolitic porphyry and that significant copper enrich- 
ment began only when the water table reached the 
andesitc. 

To estimate the magnitude of lateral metal fluxes 
in sulfide weathering profiles, it is necessary to assume 
values for the total leached column height (Brimhall 
et al., 1985). In the absence of geologic or geomorphic 
constraints such as a regional erosional surface, one 
may be forced to make a variety of relatively uncon- 
strained assumptions which can be difficult to test. 
The mapping methods described here provide a com- 
plementary approach to the mass balance methods 
because they provide such an independent geologic 
constraint. The parameter SI_•r,,, an estimate of the 
elevation of the top of copper sulfides at the beginning 
stages of supergene metal transport deduced by 
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quantitative limonite mapping, can be used in con- 
junction with mass balance calculations to determine 
the magnitude of lateral fluxes in complex natural sys- 
tems. 

Concluding Remarks 

"It is to be expected that further applications of the 
outcrop technique will define the conditions of cu- 
mulative enrichment and yield improved means for 
its recognition." Augustus Locke (1926, p. 158). 

Mapping of limonite mineralogy, texture, and 
abundance in vertical diamond drill cores from La 

Escondida provides the first quantitative evidence to 
support the concept of cumulative enrichment in su- 
pergene metal transport systems, as first proposed by 
Locke (1926). Systematic changes have been ob- 
served in the reconstructed enriched copper grade 
(b,) and the former pyrite chalcocite ratio ((py/cc),) 
down vertical profiles. This downhole mapping ex- 
plains apparent discrepancies between the recon- 
structed preoxidation copper grade and sulfide min- 
eralogy of surface exposures and the actual copper 
grade and mineralogy in the present underlying zone 
of sulfide enrichment. The limonite minerals pre- 
served in the leached capping zone at La Escondida 
record the progressive evolution of copper grade and 
sulfide mineralogy of the enriched chalcocite zone as 
it descended through the rock column in response to 
a gradually descending water table and redox front. 

In addition to the effect of cumulative sulfide en- 

richment on copper grade, progressively more com- 
plete replacement of pyrite by chalcocite occurs with 
increasing maturity of the enrichment process (Bate- 
man, 1950; Blain and Andrew, 1977; Titley, 1982). 
This leads to a reduction of the Me/S ratio in the chal- 
cocite zone as it descends through the rock column. 
Eventually, this mineralogic evolution will lead to the 
formation of copper oxide and sulfate minerals in the 
leached capping zone, as the py/cc ratio falls below 
1:2.8 (Table 1). This effect, combined with a low hy- 
pogene pyrite content in the central portion of the 
district at La Escondida, accounts for the locally sig- 
nificant copper sulfate mineralization in the leached 
capping overlying the thickest and highest grade por- 
tion of the enrichment blanket, a zone with relatively 
nonreactive alteration otherwise favorable to efficient 

copper leaching. 
An estimate of the total leached column height (in- 

cluding any eroded material) can be made if protore 
grades are known at depth by reconstructing enrich- 
ment blanket grades in vertical profiles through 
leached capping rocks. For vertical profiles with neg- 
ligible net lateral copper flux during weathering, the 
estimate based on reconstructive limonite mapping is 
found to agree closely with independent estimates 
based on copper mass balance (Brimhall et al., 1985). 
For drill holes with significant lateral fluxes, quanti- 

tative limonite mapping yields an estimate of total 
leached column height which can be used to calculate 
the magnitude of lateral flux using the mass balance 
equations. Thus, the quantitative evaluation of former 
enriched zone grades in vertical profiles through 
leached cappings provides a method complementary 
to the mass balance approach. The detailed mapping 
of limonites is therefore an essential tool to be used 

in reconstruction of the paleohydrology, geomor- 
phology, and geochemical evolution of fossil super- 
gene systems. 

The data and interpretations gathered from this 
type of analysis provide a sound basis on which to 
base numerical modeling efforts attempting to simu- 
late the coupled chemical and physical response of 
sulfide-bearing rock systems to steady-state and tran- 
sient ground-water flow during oxidative weathering 
(e.g., Bladh, 1982; Kwong et al., 1982; Cunningham, 
1984; Lichtner, 1985; Narasimhan et al., 1985; 
Lichtner et al., 1987; Ague, 1987; Liu, 1988). Such 
modeling efforts are of increasing importance to un- 
derstanding processes of supergene ore deposition 
and chemical weathering, as well as to solving envi- 
ronmental problems such as ground-water contami- 
nation by hazardous wastes and acid mine drainage 
(e.g., Chapman et al., 1982, 1983). Theoretical nu- 
merical modeling efforts would undoubtedly benefit 
from comparison with quantitative geologic and min- 
eralogic descriptions of the spatial and chemical evo- 
lution of weathering systems over geologic time 
scales. 
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APPENDIX I 

Thermodynamic Data Used to Construct Figures 3 and 6 

Figure 3 

Formula Mineral State • (kcal/mole) log Ksv Source 4 
Minerals 

KFea(SOa)•(OH)6 Jarosite c [-788.61 • 
a-FeO(OH) Goethite c - 117.2 
a-Fe •Oa He mat it e c - 177.44 
"Fe(OH)a" Ferrihydrite pc [-170.24] • 
FeSa Pyrite c 38.9 

Aqueous species 

Fe +• aq -22.05 
Fe +a aq -4.27 
FeSO] aq [-202.9] • 
FeSO• aq [-187.4] • 
FeHSO• aq [-204.0] • 
FeHSO• • aq [-188.1] • 
HaS aq -6.66 
H$- aq -2.88 
H$O• aq - 180.48 
SO• • aq - 177.78 
K + aq -67.557 
OH- aq -37.594 
H•O I -56.687 

Figure 6 

Minerals 

Cu$ Covellite c - 12.887 

Cu•.75S Anilite c - 18.771 
Cu•.ga4S Djurleite-I c -20.041 
Cu•.965S Djurleite-II c -20.230 
Cu•S Low chalcocite c -20.452 
Cu Native copper c 0.0 
CuaO Cuprite c -34.894 
CuO Tenoritc c -30.091 

Cu4(SO4)(OH)• Brochantite c -434.620 
S Sulfur (rhombic) c 0.0 

Aqueous species 

Cu + aq 11.95 
Cu +• aq 15.651 
H•S aq -6.66 
HS- aq -2.88 
H$O• aq - 180.48 
$O• • aq -177.78 
OH- aq -37.594 
HaO I -56.687 

-93.21 1, 2 
[-41.7] a 3 
[-41.6] a 3 
-39.0 2 

3 

2.25 

3.92 

1.08 

2.48 

7 
7 

7 

7 

7 

Convention 

8,9 
10 

10, 11 
Convention 

Note: data from Naumov et al. (1971) were chosen for iron minerals and aqueous species, where available, for consistency with 
jarosite data from Kashkay et al. (1975); stability of goethite with respect to hematite (plus water) from data of Naumov et al. (1971) 
is consistent with results of Langmuir (1971, 1972) 

• Abbreviations: aq = aqueous, c -- crystalline, 1 = liquid, pc -- poorly crystalline 
a Gibbs free energy of formation values in brackets calculated from solubility product using data for aqueous species 
a Solubility products (sp) in brackets calculated from Gibbs free energy values 
• Sources of data: 1. Kashkay et al. (1975); 2. Chapman et al. (1983); 3. Naumov et al. (1971); 4. Ball et al. (1980); 5. Ball et al. 

(1987); 6. Helgeson et al. (1981); 7. Potter (1977); 8. Robie et al. (1978); 9. Wagman et al. (1982); 10. Woods and Garrels (1986); 
11. Silman (1958) 
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APPENDIX II 

Comparison of Algebraic and Graphical Interpretations for Increasing Blanket Thickness 
and Complete Incremental Leaching Models 

Increasing blanket thickness model From eq. (A2), 

The following discussion is designed to aid in the 
graphical interpretation of the increasing blanket 
thickness model, referring to Figure 13A and B. In 
Figure 13, the progress variable for enrichment, za(n), 
is shown to change incrementally (n = 1, 2, 3, max). 
At any time after initiation of the leaching and en- 
richment process, for example n = 3, the change in 
average blanket grade with the progress variable, 
0b 
-- (represented by the slope of the heavy dotted line 
c9za 
in Fig. 13A), is approximately equal to the difference 
between blanket grade and protore grade (ba - p) 
divided by the total distance leached (LPr,a): 

B 'P'Pl ,Pb 

(A1) 

Similarly, the change in average leached zone grade 

as a function of the progress variable, c9_•_1 (repre- 
c9zrt 

sented by the slope of the lighter dotted line in Pig. 
13A), is equal to the difference between leached zone 
grade and protore grade (la - p) divided by the total 
distance leached: 

o IOl\ 
(p - 13) • -IYr 3l:--/o , (A6) 

and therefore, 

B B 

(A7) 

Equation A7 is an expression equivalent to eq. (5) 
without the density terms, which were left out so that 
these simple derivatives can be assessed graphically 
in Figure 13A. 

In Figure 13B, b(za) and l(za) are plotted sche- 
matically vs. (p - l(za)), again with density terms ne- 
glected for simplicity. This plot illustrates the linear 

interpretation of eq. (4), where the quotient -•- is as- 
sumed to remain constant as a function of depth, cor- 
responding to the slope of the heavy solid line in Fig- 
ure 13B, as indicated. Graphically, it can be seen that: 

(bn - (AS) 
Bn (p - ' 

(O•zla) (13 - p) 
B 'P'P• '• 'p• 

(A2) 
which is an additional statement of mass balance 

equivalent to the expressions in eqs. (3), (A3), 
and (A4). 

We can use the mass balance expression in eq. (3) 
to relate eqs. (A1) and (A2) as a graphical check on 
the relationship in eq. (5). Neglecting the density 
terms, the mass balance expression evaluated at n 
= 3 yields: 

B3(b3 - p) • LPr,3(p - 13). (A3) 

Graphically, this approximate equality can be visu- 
alized by the equality of the shaded areas in Figure 
13A. Rearranging eq. (A3) gives: 

o B3(b3 - p) 
IYr.3 • (A4) 

(p - 13) 

Substituting eq. (A4) into (A1) gives: 

'•',p,Pl ,Pb ,Pp 

(AS) 

Complete incremental leaching model 

Figure 14A and B show the geometric relationships 
of the complete incremental leaching model, again 
neglecting density terms for simplicity. For n -- 3, 
the increase of blanket grade with depth is analogous 
to the expression in eq. (A1). Using the same mass 
balance arguments as above, 

B,p,lmin ,Pl ,Pb ,Pp I'•'3 
(p - 13) (p - lm,,) 

• -- .-• (A9) 
B3 B3 

Because lmi. is constant as a function of za in this 

model, (Olmi--"/ = 0, as shown in Fig- 
• OZ ]B,p,lmin,Pl,Pb,pp 

ure 14A. 
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LPr(zl) 
In Figure 14B, b(za) is plotted vs. • to show 

an alternative linear interpretation of eq. (4), where 
term (4) is now constant and term (3) is the abscissa. 
The dotted lines in Figure 14B represent the paths 
of b(z•) and l(z•) between stages of water table de- 
scent. Each time the water table descends, the 
boundary between the leached zone and the enriched 
zone is redefined instantaneously before any leaching 
can occur, so that the copper formerly in the upper 
portion of the enrichment blanket zone is incorpo- 

rated into the leached zone, which temporarily in- 
creases the average leached zone grade and tempo- 
rarily decreases the average enriched zone grade. For 
small drops in the water table, these fluctuations from 
the overall slope would be small; however, for large 
changes in water table elevation, significant deviations 
from the line with slope (p - lmin) would result, as 
shown in Figure 14B. If the water table were to drop 
by a distance greater than the thickness of the en- 
richment blanket zone, these average grades 1 and b 
would return to their original values, equal to protore 
grade, p. 


