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Abstract

Zonal alteration is a common feature in volcanic rocks surrounding sea-floor massive sulfide deposits. Alter-
ation indexes, such as the Ishikawa alteration index (AI) and the chlorite-carbonate-pyrite index (CCPI), have
been developed to measure the intensity of sericite, chlorite, carbonate, and pyrite replacement of sodic
feldspars and glass associated with hydrothermal alteration proximal to the orebodies. In this paper a simple
graphical representation of the Ishikawa Al plotted against the CCPI, termed the “alteration box plot,” is used
to characterize the different alteration trends related to massive sulfide ores and to assist in the distinction of
volcanic-hosted massive sulfide (VHMS)-related hydrothermal alteration from regional diagenetic alteration.
Although there are some limitations with the technique, a series of case studies are used to demonstrate that
the alteration box plot is a powerful means of understanding the relationship between mineralogy, lithogeo-
chemistry, and intensity of alteration in zoned alteration systems related to VHMS deposits and should assist
the exploration geologist in determining vectors to the center of the ore system.

Introduction

THE PRINCIPAL use of lithogeochemistry in exploration for vol-
canic-hosted massive sulfide (VHMS) deposits is to charac-
terize the nature and degree of alteration of the volcanic
rocks and to answer two questions: (1) is the alteration caused
by a hydrothermal system related to a VHMS deposit? and (2)
if yes, then where is the orebody in relationship to the defined
altered rocks?

The first question is critically important in order to prevent
the expenditure of exploration dollars on alteration zones that
are unrelated to the target massive sulfide deposits. The second
question is equally important because an understanding of the
relationship between alteration mineralogy, lithogeochem-
istry, and alteration zoning can lead the explorer directly to
the massive sulfide target within a complex alteration system.

The purpose of this paper is to propose a simple graphical
representation of lithogeochemical data for altered volcanic
rocks, which enables a better understanding of the relation-
ship between alteration mineralogy and lithogeochemistry
within the context of zoned hydrothermal alteration systems
related to VHMS deposits. The usefulness of the alteration
box plot will be tested on some lithogeochemical data sets
from a series of zinc- and copper-rich VHMS and related de-
posits described elsewhere in this special issue (Rosebery,
Thalanga, Hellyer, and Western Tharsis).

Alteration Indexes

The alteration box plot is a graphical representation that
uses two alteration indices: the Ishikawa alteration index (AI)
and the chlorite-carbonate-pyrite index (CCPI).

" Corresponding author: e-mail, Ross.Large@utas.edu.au

*Present address: Institut fiir Mineralogie, Lehrstuhl fiir Lagerstiitten-

lehre und Leibniz Labor fiir angewandte Meeresforschung, TU Bergakademie,
Freiberg, Brennhausgasse 14, 09596, Freiberg, Germany.

0361-0128/01/3168/957-15 $6.00

Ishikawa Al

100 (K,0 + MgO) , )
(K50 + MgO + Na,O + CaO)

Al =

This index was defined by Ishikawa et al. (1976) to quantify
the intensity of sericite and chlorite alteration that occurs in
the footwall volcanics proximal to Kuroko deposits. The key
reactions measured by the index involve the breakdown of
sodic plagioclase and volcanic glass and their replacement by
sericite and chlorite. Reactions that describe these alteration
processes include:

3NaAlSi;Og + K* + 2H* =
albite
KAI;Si;0,,(OH), + 6SiO, + 3Na*, (2)
sericite quartz

and

2KAl,Si;0,,(OH), + 3H,SiO, + 9Fe*" + 6Mg2+ + 18H,0 =
sericite
SMgQFeSAIQSigOm(OH)S + 2K* + 28H*. (3)
chlorite

The first reaction is typical of sericite replacement of albite
in volcanic rocks in the outer parts of the alteration system
(e.g., Date et al., 1983; Eastoe et al., 1987). The second reac-
tion is important close to massive sulfide mineralization in
footwall pipe zones where chlorite-rich assemblages become
dominant over sericite-rich assemblages (e.g., Sangster, 1972;
Lydon, 1988; Large, 1992; Lentz, 1999; Schardt et al., 2001).
Reaction (2) involves a loss of NayO (and CaO) and a gain of
K,0, whereas reaction (3) involves a loss of K,O and gains in
FeO and MgO, on the basis of constant Al,O;.
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The Ishikawa AI was devised to ratio the principal rock-
forming elements gained during chlorite and sericite alter-
ation (MgO + K,O) over the elements lost and gained (Na,O
+ CaO +MgO + K,0). The index varies from values of 20 to
about 60 for unaltered rocks and between 50 and 100 for hy-
drothermally altered rocks, with an AI = 100 representing
complete replacement of feldspars and glass by sericite
and/or chlorite.

The index has proved to be particularly useful in mineral
exploration by providing a quantitative estimate of the inten-
sity of footwall alteration related to massive sulfide deposits,
increasing to maximum values in the hydrothermal vent zone
below the massive sulfide ore lenses (e.g., Saeki and Date,
1980). An example from the Hellyer deposit is shown in Fig-
ure 1 (Gemmell and Large, 1992), where the Al increases
from 35 to 95 from the margin to the center of the alteration
pipe directly below the ore deposit. Because loss of sodium is
the major chemical exchange involved in the breakdown of
sodic plagioclase, there is a strong relationship between the
Ishikawa AI and sodium depletion (Fig. 1). In fact many al-
teration studies have used sodium depletion rather than the
Al as the principal measure of alteration intensity (e.g.,
Franklin et. al., 1975; Date et al., 1979, 1983; Hashiguchi et
al., 1983; Ashley et al., 1988).

The relationship between Na,O and the AI for a series of
calc-alkaline volcanics from the Mount Read Volcanics (Blake
et al., unpub. data) is shown in Figure 2a, where the broad
pattern of sodium depletion that accompanies the Al increase
is outlined. The data display a trend from the albite-plagio-
clase side of the diagram to the chlorite-sericite corner, with
an increasing Al and decreasing Na,O. In Figure 2b it is ap-
parent that an increasing Al is also accompanied by increas-
ing K,O (as is expected from eq 1), with the level of K;O en-
richment dependent on the ratio of sericite to chlorite in the
altered product.

There are two limitations on the use of the Ishikawa AI: the
index does not take account of carbonate alteration, which
can be significant in some VHMS alteration systems and may
lead to a decrease in the Al even where alteration intensity is
high; and used by itself, the index does not enable separation
of chlorite- from sericite-rich alteration, the two common and
major zones of alteration associated with massive sulfide ores.
These limitations have been overcome by introducing a sec-
ond index to complement the AL

Chlorite-carbonate-pyrite index (CCPI )

100 (MgO + FeO) (4)
(MgO + FeO + Na,O + K,0)’

CCPI =

where FeO is total (FeO + Fe,O;) content of the rock.
Mg-Fe chlorite alteration is typically developed close to
VHMS deposits where hydrothermal temperatures and
water/rock ratios are at their maxima (e.g., Franklin et al.
1981; Lydon 1988; Schardt et al, 2001). It is therefore impor-
tant from an exploration perspective to develop geochemical
criteria that clearly distinguish samples with elevated chlorite
content within any altered volcanics data set. The above index
has been designed to measure the increase in MgO and FeO
associated with the Mg-Fe chlorite development, which com-
monly replaces albite, K feldspar, or sericite in the volcanic
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Fic. 1. Idealized cross section of the Hellyer VHMS deposit, showing the
zoned footwall alteration system. Mean values of Ishikawa alteration index
(AI), chlorite-pyrite-carbonate index (CCPI), and NayO are shown for the
various alteration zones from the margin to the center of the pipe. Abbrevi-
ations: and = least altered andesite, ¢l = chlorite + pyrite + quartz, clco =
chlorite > dolomite, se = strong sericite-chlorite + pyrite, SEZ = weak sericite
+ chlorite, si = quartz—chlorite + sericite (modified from Gemmell and
Large, 1992).

rock, leading to a loss of NayO and K,O such as depicted in
equation (3).

In addition to measuring chlorite alteration, this index is
also affected positively by Mg-Fe carbonate alteration
(dolomite, ankerite, or siderite) as well as pyrite, magnetite,
or hematite enrichments. Because all three of the hydrother-
mal minerals—Fe-Mg chlorite, Fe-Mg carbonate, and
pyrite—are typically developed in the inner alteration zones
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ALTERATION BOX PLOT: VHMS DEPOSITS
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FIG. 2. Trends of AT with (a) Na,O and (b) K,O for a set of samples from
the Mount Read Volcanics (Blake et al., unpub. data). Samples with an AT
>60 are considered to be affected by alteration due to hydrothermal fluids.

to many VHMS deposits, the CCPI is regarded as a proximal
alteration index.

Lentz (1996, 1999) developed a similar index to study al-
teration associated with the Brunswick 6 and 12 massive sul-
fide deposits in the Bathurst mining camp, Canada. The com-
posite ratio used by Lentz (Fe,Os o) + MgO)/(K,0 + NayO)
has been modified in this study (eq 4) to make it comparable
to the Ishikawa AI and vary between 0 and 100.

One important limitation of this chlorite-carbonate-pyrite
index is that it is strongly affected by magmatic fractionation
and primary compositional variations in the volcanic rocks.
This is clearly seen in Figure 3a where the CCPI is plotted
against SiO, for a subset of least altered volcanics from the
Mount Read Volcanics (Blake et al., unpub. data). In Figure
3a it is evident that the CCPI for least altered volcanics (2 <
Na,O < 5 wt %) increases from values of around 15 to 45 in
rhyolites, 30 to 60 in dacites, 50 to 85 in andesites, and 70 to
90 in basalts. This contrasts with the AI, which shows signifi-
cant scatter and no obvious single trend across the same com-
positional range from rhyolite to basalt (Fig. 3b).

Alteration Box Plot

The alteration box plot is a combination of the Ishikawa AI
plotted in the horizontal axis and the CCPI plotted in the
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F1G. 3. Variation in (a) CCPI and (b) Ishikawa Al with SiO, content for a
set of least altered volcanics (2 < Na,O < 5 wt %) from the Mount Read Vol-
canics.

vertical axis (Fig. 4). Least altered volcanics plot toward the
center of the diagram, and hydrothermally altered volcanics
plot at varying positions dependent on the principal hy-
drothermal minerals present. The mineral end members (al-
bite, K feldspar, sericite, chlorite, pyrite, dolomite, ankerite,
and epidote) plot along the boundaries of the box in the posi-
tions marked (Fig. 4).

Application of the alteration box plot

A series of rhyolitic volcanic samples selected from a tra-
verse through the hydrothermal alteration system to the Her-
cules VHMS deposit in the Mount Read Volcanics of western
Tasmania (Fig. 5) have been plotted in Figure 4. Fifteen of
the samples are from the hanging-wall rhyolitic lava and vol-
caniclastic succession, five from the host-rock volcaniclastics,
and ten from the altered footwall rhyolitic pumice breccia
mass flows (Fig. 5).

Based on petrographic studies and sodium content, the
least altered hanging-wall rhyolitic volcanic samples plot
within the box bounded by an AI = 20 to 65 and a CCPI = 15
to 45. The progressive change with alteration along the tra-
verse can be appreciated by comparing the plotted position of
the samples in Figure 4 to the mineralogical and textural
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FI1G. 4. Alteration box plot showing samples collected along a traverse
through the alteration system to the Hercules deposit (Fig. 5). Petrographic
relationship of samples marked a to m are shown in Figure 6.
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FIG. 5. Location of sample traverse and footwall hydrothermal alteration
pipe associated with the Hercules deposit, western Tasmania. Geology sim-
plified from Corbett (1986). Sample locations marked a to m are those de-
picted in Figures 4 and 6.
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depiction in Figure 6. Hanging-wall volcanics within the least
altered box have fresh albite preserved, with minor sericite
and chlorite development, which is considered to relate to
greenschist facies metamorphism rather than hydrothermal
alteration (Fig. 6a, b, c).

Volcanics with increased sericite-carbonate alteration (Fig.
6d, 1) plot above the unaltered box with increased CCPI val-
ues, whereas samples with increased sericite + chlorite alter-
ation plot to the right of the box due to increased Al values
(Fig. 6e, g). Samples with intense sericite-chlorite from the
footwall alteration zone (Fig. 5) plot on the right hand side of
the diagram, where complete albite breakdown leads to an AI
>90 (Fig. 6h). With increased chlorite alteration toward the
center of the footwall alteration pipe at Hercules, samples
plot progressively along the sericite-chlorite join with increas-
ing CCPI values (Figs. 4 and 61, j, k). Note that although these
rocks have suffered intense alteration the outlines of replaced
albite phenocrysts are still evident (Fig. 6f, h, i, j). Intense
dolomite-chlorite alteration, which occurs in the footwall and
ore horizon, immediately adjacent to the ore lenses, is repre-
sented by samples plotting along the chlorite-dolomite join
(Figs. 4 and 6m), which have a CCPI >95 but an AI from 30
to 80. Carbonate-sericite alteration is typical of samples in the
favorable stratigraphy hosting and along strike from the Her-
cules ore lenses, which on the alteration box plot lie along the
corridor between sericite and dolomite (Figs. 4 and 61).

In summary, this example from Hercules shows how the al-
teration box plot can assist in the definition of least altered
volcanics and help to relate volcanic lithogeochemistry to hy-
drothermal mineralogy and ultimately track hydrothermal al-
teration from the distal to the proximal parts of the VHMS-
related hydrothermal system.

Due to the fact that the CCPI varies with magma fraction-
ation the field of least altered volcanics varies according to
their composition (Fig. 7). This has major implications for un-
derstanding trends in alteration systems developed in inter-
mediate and mafic host rocks and means that the alteration
box plot must be used carefully in successions that exhibit
variable volcanic compositions. This is highlighted in the case
studies discussed in a later section.

Diagenetic and hydrothermal alteration trends

Diagenetic alteration of sea-floor volcanics leads to miner-
alogical changes that need to be discriminated from ore-re-
lated hydrothermal alteration events. The principal changes
due to diagenesis is the formation of alkali-rich silicate min-
erals such as clays, zeolites, and feldspars (e.g., Iijima, 1974;
Shirozo, 1974; Munha and Kerrich, 1980; Allen and Cas, 1990;
Gifkins and Allen, 2001). In greenschist metamorphosed vol-
canic rocks these changes are limited to processes such as al-
bitization, K feldspar, calcite, and epidote alterations.

The alteration box plot is a useful way of discriminating
geochemical trends due to diagenetic alteration from those
due to hydrothermal alteration directly related to massive sul-
fide ores (Fig. 8). The common diagenetic minerals, albite, K
feldspar, calcite, and epidote plot on the left hand CCPI axis
or the lower AI axis. This contrasts with the common proxi-
mal hydrothermal minerals, sericite, chlorite, pyrite, dolomite,
and ankerite, which plot on the right hand CCPI axis and the
upper Al axis. Thus a diagonal line joining epidote to K feldspar
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F16. 6. Photomicrographics of rhyolitic volcanic rocks from the Hercules area, displaying increasing intensity of hy-
drothermal alteration. These same samples are plotted in Figures 4 and 5 for comparison.
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Fi1G. 7. Fields of least altered volcanics for felsic, intermediate, and mafic
compositions. Data from the Rosebery, Que River, and Hellyer areas of the
Mount Read Volcanics (Blake et al., unpub. data).

effectively separates the field of hydrothermal alteration
(upper right) from the field of diagenetic alteration (lower
left) in the diagram (Fig. 8). Within these two fields it is pos-
sible to identify common trend lines associated with particu-
lar styles of hydrothermal and diagenetic alteration.

Hydrothermal trends shown in Figure Sa

Trend 1: Weak sericite alteration at the margins of a hy-
drothermal system in felsic volcanic host rocks (both hanging
wall and marginal footwall to ore)

Trend 2: Intense sericite-chlorite + pyrite alteration typical
of the proximal footwall alteration system to a VHMS deposit,
within both felsic and mafic volcanics.

Trend 3: Chlorite + sericite + pyrite alteration typical of
chlorite-dominated footwall alteration either in felsic or mafic
volcanics.

Trend 4: Chlorite-carbonate alteration typically developed
immediately adjacent to massive sulfide lenses in a footwall
position in either felsic or mafic host rocks (e.g., Hellyer, Her-
cules).

Trend 5: Sericite-carbonate alteration—immediate hanging
wall to massive sulfide or along the favorable stratigraphic
host unit, (e.g., Rosebery, Hercules, Hellyer).

Trend 6: K feldspar-sericite—an uncommon trend devel-
oped locally within felsic footwall volcanics (e.g., Thalanga;
Paulick et al., 2001).

Diagenetic trends shown in Figure 8b

Trend 7: Albite-chlorite, typical of seawater interaction at
low temperatures (e.g., spilites and keratophyics; Hughes,
1972; Seyfried and Bischoff, 1979).

Trend 8: Epidote-calcite + albite—common in intermedi-
ate and mafic volcanics (e.g., Gemmell and Fulton, 2001)

Trend 9: K feldspar-albite—early diagenetic trend of K
feldspar replacing albite (e.g., Gifkins and Allen, 2001)

Trend 10: Paragonitic sericite-albite—a diagenetic trend
recorded in the hanging-wall volcaniclastics at Rosebery
(Herrmann et al., 2001).
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FIc. 8. Fields for diagenetic alteration (lower left) and hydrothermal al-
teration (upper right) in the alteration box plot. The arrows show the com-
mon trends for (a) hydrothermal alteration and (b) diagenetic alteration, de-
scribed in the text.

These trends account for most of the lithogeochemical and
mineralogical patterns (or zones) present in submarine vol-
canic-hydrothermal systems. Transitional zones (e.g., the
boundary between marginal hydrothermal and regional dia-
genetic alteration) or complex overprinting (e.g., diagenesis,
hydrothermal alteration, and subsequent metamorphism)
should be distinguishable, provided geochemical data for a
sufficient range of samples are available to enable trends to
emerge in the box plot.

Recent studies (e.g., Callighan, 2001; Gemmell and Fulton,
2001) suggest that albite alteration may be a significant fea-
ture of the distal hanging-wall alteration associated with
VHMS deposits. Methods to distinguish regional diagenetic
albite alteration from VHMS-related distal hydrothermal al-
bite alteration are thus critical for mineral exploration.

Case Studies

A series of case studies, using examples described in more
detail elsewhere in this special issue, are considered briefly
below to provide further evidence of the usefulness of this

approach.
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Case study 1: Rosebery VHMS deposit

The Rosebery deposit consists of a series of stratiform
Zn-Pb-Cu-Ag-Au-bearing massive sulfide lenses hosted by
rhyolitic volcanics, volcaniclastics, and pumice breccias. A
comprehensive study of the alteration mineralogy and geo-
chemistry related to the B and K lenses at Rosebery is given
by Large et al. (2001). These ore lenses are typically sur-
rounded by an inner Mn carbonate-rich zone, which is devel-
oped in the immediate hanging wall and lateral to the ore
lenses (Fig. 9). An intense chlorite rich zone occurs in the
footwall and is most prominent below the copper-rich ore
lenses. The chlorite occurs in a narrow strata-bound sheet
rather than the more typical crosscutting pipe zone (Fig. 9).
Enveloping the inner carbonate and chlorite zones is a broad
lenticular zone of sericite-rich alteration that penetrates
deeply into the footwall (up to 100 m) and less than 20 m into
the hanging-wall volcanic rocks. The sericite alteration ex-
tends along the favorable ore stratigraphy over 500 m along
strike from the ore lenses. The sericite zone has an inner core
of intense quartz-sericite-pyrite alteration and an outer halo
of less intense sericite-Mn carbonate + chlorite.

Microprobe analyses of the major alteration minerals at
Rosebery (sericite, chlorite, and carbonate; Blake et al,
unpub. data) have been plotted on the alteration box plot in
Figure 10a. Sericite shows significant compositional variation,
with two types evident (Herrmann et al., 2001): phengites
that plot along the sericite-chlorite join and paragonitic
sericite (of diagenetic origin?) that plots on a line between
sericite and albite. The chlorites have an Mg/Mg + Fe range
of about 0.2 to 0.7 ( Large et al., 2001) and plot in a tight clus-
ter at the right-hand top corner of the diagram. The carbon-
ates are of two types (Large et al., 2001): Mn-rich carbonate
(rhodocrosite, manganosiderite, kutnahorite, ankerite) of a
hydrothermal origin, which plots along the top Al axis; and
calcite (low Fe, Mg, Mn) principally confined to synmeta-
morphic veins, which plots near the left-hand top corner of
the box plot (Fig.10a).

Lithogeochemical data from a series of drill holes through
the B and K lens host rocks (Large et al., 2001) is plotted in
Figure 10b. This data can be grouped into five major fields in
the diagram, which relate to the alteration zones described
above and in Figure 9.

Field 1: Least altered rhyolitic volcanics fall within a box
bounded by an AI = 20 to 65 and a CCPI = 20 to 45.

200m

—_—

H - Zn-Pb-Cu massive sulfide Sericite zone (ser-qtz chl-py)

(includes qtz-sericite zone and
sericitetcarbonate zones in text)

(] Albite zone (least altered)

Mn-carbonate zone
(Mn carb-chi-ser-py)

Chlorite zone (chl-ser-
Mn carb-py)

FIG. 9. Diagrammatic model of alteration mineral zones surrounding the
Rosebery K lens. Note the relationship between the five alteration zones and
the fields defined in the alteration box plot in Figure 10b.
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Fi1c. 10. Alteration box plots for Rosebery VHMS alteration zones (data
from Large et al., 2001). a. Microprobe analyses of alteration minerals
(sericite, chlorite, carbonate) from DDH 120R and 109R. b. Whole-rock data
showing the classification into least altered and the various hydrothermal al-
teration fields relevant to the Rosebery deposit.

Field 2: Weak sericite alteration in the deep footwall or
near hanging wall to the ore lenses has 65 < AI < 85 and 25 <
CCPI < 50. This corresponds with trend 1 in Figure 8.

Field 3: Intense footwall alteration typically exhibits AT > 85
and 25 < CCPI < 85, corresponding to trend 2 in Figure 8.

Field 4: Altered rocks within the Rosebery ore horizon,
along strike from ore, fall in the truncated triangular field
(carbonate-sericite + chlorite), where the Al varies from 30 to
85 and the CCPI from 50 to 90. Rocks in this field include
trends 3 and 5 in Figure 8.

Field 5: Diagenetically altered volcanics, where albite + cal-
cite + K feldspar assemblages are well removed from miner-
alization, show an AI <50, and occur below the epidote-K
feldspar join.

In order to test the usefulness of the fields defined in Fig-
ure 10b in the exploration context, we studied drill hole DDH
109R that lies 500 m north and along strike from the B lens
(Large et al., 2001, Figs. 2 and 3). This drill hole intersects the
hanging-wall rhyolitic volcaniclastic mass flows and black
slates and the footwall rhyolitic pumice breccias (Fig. 11).
The ore position is marked by a weakly altered volcanic sand-
stone unit. The downhole AI (Fig. 11) shows elevated values
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Fi1c. 11. Downhole variation in the AI and the CCPI for DDH 109R, which intersects the favorable ore-bearing stratig-
raphy at Rosebery 500 m along strike from the B lens mineralization (Large et al., 2001, fig. 2).

(>60) corresponding to the altered volcanic sandstone and a
zone of carbonate-pyrite-chlorite veining and alteration 150
m below the ore position in the rhyolitic pumice breccias. The
alteration box plot for this drill hole (Fig.12) shows that most
of the samples plot within the box defined for least altered
rhyolites (AI = 20-65, CCPI = 15-45). Samples that plot in
the upper-right hydrothermal field include the weakly altered
volcanic sandstone (ore position), the carbonate-pyrite-chlo-
rite zone in the footwall, and a sample of black slate overlying
the volcanic sandstone. All four samples would be assigned
high priority for exploration follow-up based on this assess-
ment. Within the diagenetic alteration field (lower left, Fig.
12) one strongly albitized sample and two calcite-albite al-
tered samples plot outside the least altered box. This exercise,
carried out on samples from DDH 109R, indicates the value
of the alteration box plot in identifying anomalous samples for

attention and relating them to the hydrothermal zonation in a
well-studied alteration system such as Rosebery.

Case study 2: Thalanga Zn-Pb-Cu-Ag deposit

Thalanga is a metamorphosed stratiform sea-floor VHMS
deposit in the Mount Windsor Volcanics of north Queens-
land. The ore lenses occur at the contact between footwall
rhyolites and hanging-wall dacites and andesites. Detailed
studies of hydrothermal alteration associated with the deposit
are provided by Paulick et al. (2001) and Herrmann and Hill
(2001). In brief, the footwall rhyolites are cut at a low angle to
the favorable horizon by tabular zones of chlorite-pyrite and
pyrite-quartz-sericite that merge toward the top of the rhyo-
lite package, forming an irregular and intensely altered strata-
bound zone developed immediately below the ore lenses
(Fig. 13). The intense chlorite-and sericite-rich feeder zones
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FIG. 12. Alteration box plot for Rosebery DDH 109R samples (Fig. 11).
Adjacent samples are joined by lines. Anomalous samples that plot outside
the least altered box have been identified and can be related to the litholog-
ical log in Figure 11.
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are surrounded by a broad low-intensity alteration halo of
mottled sericite-chlorite + pyrite. Small bodies of intensely al-
tered white rhyolite composed of quartz-K feldspar alteration
exist below or adjacent to some of the ore lenses. Massive to
semimassive zones of carbonate-chlorite-tremolite alteration
commonly exist lateral to the ore lenses at the same strati-
graphic level (Herrmann and Hill, 2001). Very low intensity
alteration in the hanging-wall dacites consists of pervasive
patchy albite alteration and fracture-controlled epidote-acti-
nolite-hematite alteration (Paulick et al., 2001).

Lithogeochemical data from a series of drill holes through
the Thalanga alteration system (Paulick et al., 2001; Her-
rmann and Hill, 2001) are plotted in Figure 14. The least al-
tered volcanics, which vary from rhyolitic compositions in the
footwall to dacitic and andesitic compositions in the hanging
wall, plot within a central field of the box plot (Fig. 14). Four
principal hydrothermal alteration trends are evident from this
diagram and relate to the trends previously outlined in Figure
8: (1) sericite = chlorite alteration in the footwall zone distal
from ore (trend 1), (2) chlorite-sericite-pyrite alteration of
high intensity which corresponds to the footwall feeder zones
(trend 2), (3) carbonate-chlorite alteration representing the
strata-bound calc-silicate zones lateral to ore (trend 3), and
(4) K feldspar alteration in the footwall white rhyolite zones
(trend 4). The field of albite alteration in the hanging-wall
dacites (Fig. 13) is typical of diagenetic albite trends observed
elsewhere (Fig. 8, trend 7).

This case study highlights the value of the alteration box
plot in being able to determine a series of lithogeochemical
alteration trends that can be related to the mineralogy and
mapped alteration zonation. In fact, the scatter of points in
Figure 14 along trend 4 toward the K feldspar corner of the
diagram was the first indication that a K feldspar hydrother-
mal alteration zone was preseant at Thalanga. This zone was
later confirmed by petrography and XRD (Paulick et al., 2001).

Case study 3: Hellyer VHMS deposit

Hellyer is a mound-shaped Zn-Pb-rich sea-floor massive
sulfide deposit in the Mount Read Volcanics of Tasmania. The
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FIG. 14. Alteration box plot for volcanics hosting the Thalanga VHMS de-
posit, North Queensland. Lithogeochemical data have been provided by
Paulick et al. (2001) and Herrman and Hill (2001).
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deposit is located at the contact between feldspar-porphyritic
andesites in the footwall and pillow basalts in the hanging wall
and is a good test case for application of the alteration box
plot to understand hydrothermal alteration in mafic volcanic
host rocks. Gemmell and Large (1992) have documented a
zoned alteration pipe within the andesitic volcanics below the
massive sulfide. The pipe contains a core of quartz-rich alter-
ation, surrounded by a chlorite-rich envelope, followed by a
sericite-rich envelope, and finally a marginal zone of weak
sericite + chlorite alteration, which merges with the andesite
country rock (Fig. 1). A plume of weakly developed calcite-
fuchsite + chlorite alteration extends into the pillow basalts
overlying the massive sulfide body and is in turn surrounded
by an envelope of quartz-albite alteration (Gemmell and Ful-
ton, 2001).

Lithogeochemical data from a series of drill holes through
the footwall andesites and associated alteration pipe are
shown in Figure 15. The least altered footwall andesites and
basaltic andesites (2 < Na,O < 5 wt %) plot within a field de-
fined by the AI = 20 to 65 and the CCPI = 40 to 85. From the
margin toward the center of the alteration pipe, samples show
an increase in both the AI and the CCPI, forming a trend to-
ward the chlorite corner of the box plot (Fig. 15). This trend
is distinct from that shown by the footwall alteration at both
Rosebery (Fig. 10b) and Thalanga (Fig. 14). In the latter two
cases the dominant footwall alteration trend is aligned verti-
cally, parallel to the CCPI axis, corresponding to the ser-chl-
py trend 2 in Figure 8a. At Hellyer the dominant trend is di-
agonal from the least altered andesite field to the chlorite
corner (chl-py + ser trend 3 in Fig. 8a). This difference high-
lights the fact that the Hellyer footwall alteration is domi-
nated by chlorite-bearing assemblages in mafic volcanics,
whereas the Rosebery and Thalanga footwall alteration zones
are both dominated by sericite-rich assemblages in felsic vol-
canic host rocks. However in all cases, the most chlorite-rich
footwall alteration commonly occurs proximal to the ore
lenses (shown as the “ore center” in Fig. 8a).
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F1G. 15. Alteration box plot for the footwall alteration zone to the Hellyer
VHMS deposit (data from Gemmell and Large, 1992; Gemmell, unpub.
data). Mean values for footwall pipe alteration zones are also plotted Abbre-
viations: and = least altered andesite, ¢l = chlorite + pyrite + quartz, clco =
chlorite > dolomite, se = strong sericite-chlorite + pyrite, SEZ = weak sericite
+ chlorite, si = quartz—chlorite + sericite (see Fig. 1)
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Case study 4: Western Tharsis Cu-Au deposit

The Western Tharsis deposit is one of a group of dissemi-
nated and stockwork Cu-Au deposits in the Mount Lyell dis-
trict of western Tasmania. Recent research by Huston and
Kamprad (2001) on the zonation of alteration assemblages at
this deposit suggests that Western Tharsis has more affinities
to high-sulfidation epithermal Cu-Au systems than classic
VHMS systems. The disseminated chalcopyrite-pyrite ores
are hosted by intensely altered quartz-chlorite-sericite schists
after felsic to intermediate volcaniclastic rocks and lavas. The
ore zone is surrounded by a quartz-sericite altered envelope
that passes into a halo of carbonate-chlorite-sericite altered
rocks. A zone containing abundant advanced argillic alter-
ation assemblages, including pyrophyllite, topaz, zunyite, and
woodhouseite, wraps around the orebody in the inner part of
the quartz-sericite envelope (Fig. 16).

Figure 17 contains box plots showing the variations in the
Al and the CCPI for both felsic and intermediate volcanic
and volcaniclastic rocks at Western Tharsis. Analyses of sedi-
mentary rocks were not plotted as sedimentary processes can
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Fic. 16. Simplified sketch of the major alteration zones at the Western
Tharsis deposit, western Tasmania. Modified from Huston and Kamprad
(2001).
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FIG. 17. Alteration box plots for lithogeochemical data from the Western
Tharsis Cu-Au deposit. a. Felsic volcanic host rocks. b. Intermediate volcanic
host rocks.

significantly affect the AT and CCPI of unaltered rocks, as dis-
cussed later. Felsic rocks were distinguished from intermedi-
ate rocks using a Zr/TiO, ratio of 0.05, however it is recog-
nized that this approach is unlikely to be effective in the
advanced argillic ( pyrophyllite ) alteration zone where TiO,
and/or Zr may be locally mobile.

The analyses plotted in Figure 17 were classified, depend-
ing on mineralogy observed in drill core and/or determined
by PIMA analyses, into four alteration types: (1) carbonate
(largely ankerite and siderite)-bearing samples that occur ex-
clusively in the outer carbonate-bearing halo, (2) chlorite-
bearing samples that lack carbonate and occur mainly in the
chlorite-altered ore zone, (3) samples containing advanced
argillic mineral assemblages (pyrophyllite, topaz, and zun-
yite), and (4) sericite-bearing samples that lack chlorite and
carbonate. Alteration type (1) was further split into two groups
based on Na,O content, with samples containing more than
1.5 percent Na,O separated out as the least altered group.

NayO-rich, least altered samples plot in a field with an AI
between 20 and 65, and a CCPI between 35 and 85. Least al-
tered intermediate rocks tend to have a lower AI but a higher
CCPI, which is consistent with observations made on least
altered volcanic rocks elsewhere in the Mount Read Volcanics

(Fig. 3). Carbonate-altered rocks trend from this least altered
field toward the right-hand side of the box plot in both cases,
although the trend is toward lower CCPI values in felsic rocks
(~55) relative to intermediate rocks (~100). These trends
probably correspond to trends (1) and (3) in Figure 8 and re-
late to the fact that sericite-carbonate assemblages are com-
mon in the altered felsic volcanic host rocks, compared to
chlorite-carbonate assemblages in the intermediate volcanic
host rocks.

The more intensely altered samples tend to plot toward the
right and upper margins of the box plot, corresponding to
trend (2) in Figure 8. In this region chlorite- and sericite-
bearing samples that lack carbonate overlap, although the
sericitic samples tend to have a wider range in the CCPL
With the exception of a few samples that may form part of the
outer carbonate halo, most chlorite-bearing samples plot
within a restricted field with an AI >85 and a CCPI >50; as
with least altered samples, the intermediate chlorite-rich
samples tend to have higher CCPI values than the felsic sam-
ples (e.g., max values of 97 and 81, respectively).

Sericitically altered samples mostly have AI values in excess
of 85 but have a wide range in CCPI values (10-95), particu-
larly in felsic samples. This large range in felsic samples must
reflect the abundance of pyrite in the samples, as petro-
graphic studies indicate chlorite and carbonate minerals are
minor or lacking in this alteration facies, whereas pyrite ex-
hibits a variable distribution commonly above 5 wt percent.

Of the deposits presented here as case studies, advanced
argillic assemblages are developed only at the Western Thar-
sis deposit. Most samples that contain pyrophyllite and other
advanced argillic minerals are characterized by high CCPI
values (>75; commonly >95 in felsic samples) but variable AT
values (35-100). The variability in the Al is caused by the ex-
treme depletion of Na,O, K,0, Ca0O, and MgO noted in many
advanced argillically altered samples (Huston, in review): the
losses in CaO and Na,O, which shift the AI to higher values
proximal to VHMS deposits, are masked by concomitant
losses of MgO and K,O. Hence, sole dependence on the Al
in these advanced argillically altered rocks could be mislead-
ing, as highly altered rocks in two instances would be classi-
fied as least altered (Fig.17).

The general high CCPI in the pyrophyllite-bearing sam-
ples is caused by the lack of K;O and Na,O combined with
the presence of pyrite in most samples. Samples that have a
lower CCPI probably also contain sericite as a significant al-
teration mineral and may be considered as intermediate be-
tween the sericite-bearing assemblage and the advanced
argillic assemblage.

The Western Tharsis deposit illustrates many of the advan-
tages and limitations of the alteration box plot. In particular,
this plot effectively defines least altered samples and alter-
ation trends at Western Tharsis, although account must be
taken of the original composition of the rock. However, al-
though in most cases the trends at Western Tharsis are simi-
lar to VHMS deposits in Tasmania and Queensland, significant
differences exist in interpreting advanced argillic assemblages
within the context of the box plot. Using the trends presented
in Figure 8, the pyrophyllite-bearing assemblages would be
misclassified as resulting from chlorite-carbonate alteration;
however they would be interpreted correctly as an alteration
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facies commonly developed close to ore. Hence, use of the
box plot for advanced argillic assemblages requires a clear un-
derstanding of alteration mineralogy and examination of the
absolute abundance of the oxides that constitute the two al-
teration indexes.

Comparison to Previous Lithogeochemical Methods

Previous geochemical methods developed to study hydro-
thermal alteration have focused on the chemical gains and
losses associated with alteration of the original rocks. Gresens
(1967) developed a method to calculate chemical gains and
losses by assuming that one or more components of the rock
are immobile during the alteration process (Leitch and Lentz,
1994). This was further modified by Grant (1986) who proposed
the isocon plot to allow a direct visual graphical comparison
of gains and losses for major and trace elements, assuming ei-
ther constant volume or constant immobile elements (e.g.,
AlOs, Ti, and Zr). For the study of alteration in complex vol-
canic sequences, Maclean and Kranidiotis (1987) and Barrett
and Maclean (1994) demonstrated the use of incompatible
high field strength elements (e.g., Y, Th, Zr, and Yb) to dis-
tinguish primary volcanic rock affinities and quantified the re-
lated alteration changes from immobile-mobile element rela-
tionships. This approach enables chemostratigraphic correlations
to be made in highly altered volcanic succession and the de-
termination of elemental mass changes that provide hydrother-
mal vectors to mineralization (Barrett and Maclean, 1994).

Another lithogeochemical approach developed by Russell
and Stanley (1990) and Stanley and Madeisky (1994) uses
molar ratios of mobile and/or incompatible immobile ele-
ments (Pearce element ratios (PER), e.g., AV/Zr) to distin-
guish igneous fractionation trends and volcanic component
mixing trends from hydrothermal alteration trends. The PER
technique does not require a knowledge of the unaltered pre-
cursor volcanic rock and is a rigorous mathematical approach
to the quantification of alteration and igneous fractionation in
a suite of volcanic rocks (Stanley and Madeisky, 1994).

These previous lithogeochemical methods were designed
initially to provide information on the precursor igneous rock
composition and to quantify the chemical gains and losses as-
sociated with the alteration. Although this information is im-
portant in the exploration context it does not readily provide
a vector to mineralization. The alteration box plot on the
other hand has been designed specifically to assist exploration
targeting of VHMS ores. The advantages of the box plot com-
pared to these previous techniques are the following:

1. Only major element whole-rock analyses are required,
compared to other techniques that use both major and im-
mobile trace elements.

2. The mathematical computations are very simple, requir-
ing only the determination of the two alteration indexes,
which are then plotted on an X-Y graph. There is no need to
determine igneous fractionation trends or compute element
gains and losses.

3. Interpretation of the data is straightforward; altered
samples plot in arrays extending from the least altered box to-
ward the dominant alteration mineral positions. The intensity
of alteration is indicated by the relative displacement of sam-
ples from the least altered box.
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4. Proximal hydrothermal alteration trends can be readily
distinguished from distal alteration trends and from regional
diagenetic alteration.

The main strength of the alteration box plot is that it is a
simple and rapid technique, which relates whole-rock litho-
geochemistry to alteration mineralogy, at the same time pro-
viding information on the intensity of alteration and relation-
ship of given sample sets to the classic zonation patterns
observed around VHMS deposits. It is not a substitute for
more rigorous mathematical treatments that determine ig-
neous fraction trends and provide quantitative information on
chemical gains and losses (e.g., Barrett and Maclean, 1994;
Stanley and Madeisky, 1994)

Limitations of the Alteration Box Plot

There are a number of limitations of this method of which
potential users need to be aware:

1. Because neither the Al nor the CCPI include SiO,, the
box plot cannot provide any measure of quartz content in the
alteration assemblage. Silica alteration is important in some
VHMS systems, such as the core zone of the Hellyer alter-
ation pipe (Gemmell and Large 1992), in the stockwork zone
of some Kuroko deposits (e.g., Shirozo, 1974), and in some
Cyprus-type alteration pipes (e.g., Lydon, 1984). Intensely
silicified footwall altered volcanics are most likely to plot close
to the sericite-chlorite join on the right-hand side of the box
plot (trend 2 in Fig. 8) as shown in the footwall silica core
zone at Hellyer (Fig. 15) and the Western Tharsis inner
quartz-rich alteration zones (Fig. 17).

2. The box plot is only recommended for the study of al-
teration in primary volcanic rocks—lavas, subvolcanic intru-
sion, or volcaniclastics. Volcanic-derived sediments should be
plotted with extreme caution. Erosion and transport processes
involved in sedimentation lead to chemical changes (com-
monly loss of alkalies), causing increases in both the AI and
the CCPI that are unrelated to hydrothermal alteration. Sed-
imentary processes thus cause a spread of primary composi-
tions across the box plot that render it meaningless for alter-
ation studies. This problem is not unique to the box plot but
is common among almost all lithogeochemical alteration
methods. The effect is apparent in Figure 12, where the un-
altered hanging-wall black slate at Rosebery is seen to plot in
the hydrothermal alteration field above the epidote-K
feldspar join.

3. The box plot is most suited to the study of hydrothermal
alteration in felsic volcanics rather than mafic volcanics. In
the former, there is a good separation of the unaltered felsic
volcanic field from the hydrothermal fields represented by
the upper-right part of the plot, and consequently alteration
trends can be clearly defined (e.g., Figs. 7, 8a, and 10). This
contrasts with mafic volcanics, where the unaltered field has
greater CCPI values and shows considerable overlap with the
hydrothermally altered field, making the distinction between
altered and unaltered volcanics more difficult (e.g., Figs. 7,
8a, and 15). This problem becomes more obvious in the study
of weak intensity hanging-wall alteration. For example, in the
felsic volcanic-hosted Rosebery system the hanging-wall
sericite alteration can be readily identified (Fig. 10b, field 2);
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however, in the mafic volcanic-hosted Hellyer system the
hanging-wall fuchsite-carbonate alteration field overlaps with
the least altered andesite-basalt field and cannot be easily re-
solved (Gemmell and Fulton, 2001, fig. 13).

4. The box plot was developed for the study of alteration
associated with VHMS systems. It is not appropriate for the
study of alteration related to other ore types, such as porphyry
Cu, epithermal Au, or sediment-hosted deposits. As with
most other lithogeochemical techniques it is not useful in the
study of advanced argillic alteration trends.

5. The alteration box plot should not be used in isolation
but is most powerful in the understanding of alteration when
combined with petrographic and/or mineralogical studies
(XRD or PIMA). Used in this way, the box plot reveals trends
in the data, from least altered to strongly altered, that can be
related to exploration targets.

Conclusions

Hydrothermal alteration related to VHMS ore systems
principally involves the breakdown of plagioclase and volcanic
glass in the primary volcanic host rocks and their replacement
by sericite, chlorite, carbonate, pyrite, and quartz in varying
propositions, depending on the zonal pattern of the individual
hydrothermal system under study. The vast literature avail-
able on hydrothermal zonation associated with sea-floor mas-
sive sulfide deposits indicates that there are consistent pat-
terns of zonation, with chlorite-, pyrite-, and sometimes
carbonate- and quartz-rich assemblages close to ore, sur-
rounded by halos of sericite-rich and sericite = chlorite + car-
bonate assemblages. The alteration box plot has been devised
as a simple lithogeochemical technique to assess the intensity
of VHMS-related hydrothermal alteration and to place sam-
ples within the context of the normal mineralogical zonation
exhibited by the hydrothermal systems. By plotting the alter-
ation index (AI) against the chlorite-pyrite-carbonate index
(CCPI) for a range of volcanic rock samples from a given lo-
cality, prospect, or deposit it is possible to readily separate
them into three groups: (1) least altered, (2) diagenetically al-
tered, and (3) hydrothermally altered. The plot enables the
relationship between alteration mineralogy and lithogeo-
chemistry to be explored and to place the samples within the
context of a zoned hydrothermal alteration system. Ten dif-
ferent mineralogical trends have been defined in the diagram,
six of which relate to common hydrothermal alteration trends
and four of which relate to diagenetic alteration trends. Used
in conjunction with petrographic and mineralogical studies
the alteration box plot becomes a powerful tool to assist in the
understanding and exploration of VHMS-related hydrother-
mal systems.
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