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Abstract

The processes causing brecciation in epithermal_and mesothermal
metallic deposits can be intimately related to mineralisation. It is
therefore necessary to establish "both a Ef_getlc and descriptive
classification for breccias in this seuing. “This paper proposes a
revision of the genetically-based classification erected by Sillitoe
(1985). The most significant innovation is to distinguish’ between
breccias formed by steady-state hydrothermal processes, and those
formed by transient disturbances of a hydrothermal system, caused
by renewed magmatism. This latter process can be particularly
important in mineralisation.

Introduction

The close association between brecciated host rocks and epigenetic
ggicnous and base-metal mineralisation in volcanic regisins has long
n recognised. A frequent tacit assumptjon has been that the
significance of brecciation '~ is pre-mineralisation
preparation af the host rock, by rowdmgtpeme_able channels for
mineralising fluidsand a large surface area for fluid-rock mteraction
(eg Huspeni €? al.; 1984). ~ However, it has become increasingly
apparent that the processes causing brecciation are themselves
intimately related to_mineral deposition. In particular, hydraulic
fracturing and associated boiling due to pressure release are a
?Qtent means of precious metal deposition. The first objective of
his paper is to highﬁght the ungaoﬁﬂﬂee of these breccia-forming
processes. The classification and nomenclature used in this paper
are based closely on that of Slllltoe$1985). A second objective of this
?apgr_lsto_ ropose a refinement of Sillitoe’s genetic nomenclature
o distinguish between breccias formed by steady-state hydrothermal
ﬁrocesses, and those formed by fransient disturbances of
ydrothermal systemsby renewed magmatism.

principal

The subject of breccm‘descrigtlon, genesis, classification and
nomenclature has been discussed bv Laznicka (1988), Baker er al.
(1986), and Konstantinov (1978). The present agef is princilpally
concerned with the genetic cClassification of breccias. It 1S
acknowledged that distinction between some of the genetic of
breccias may be difficultin the field at the outcropscale. A detailed
classificationof this nature is nevertheless considered to be of value,
since it can be used to predict the probable morphology and extent
of ore bodies by taking into account their genesis. Criteria for
descriptive nomenclature of breccias are outside the scope of this
E:zpe( ﬁnd( ,g.rg)not discussed in detail: reference should be made to
nicka (1oid).

The discussion concentrates on the various types of “hydrothermal
breccias", especially the magmatic-phreatic breccias, since this is
where new terminology IS proposed. The various “magmatic

breccias” are discussed in less detail.. since these were thoroughl
covereé by glﬂllstoe, andL?_azr]lsc a @L.S&tana‘ no new matgria?gil:ayé
been addeéd to those descriptions. Breccias formed by sedimentary
grpcesses. and those in metamorphic terranes, are referred to only
riefly, to show how they relate to the proposed genetic

classification.
Genetic Classificationof Breccias

Seven t[vpes of breccia which can occur in epithermal-mesothermal
mineral deposits are proposed. Some are divided into sub-types
depending on _whether they occur. on the Earth's surface or
subsurface.  The types and their genetic relationships are
summarised in Talde 1 and Figure _1 Correlation with the
termmology of other authors is shown in Table 2. The various types
of breccia”are described below in approximately the order of their
Occurrence in thqr%gologlcal cycle: ie. the earliest-formed types are
described first, is IS also more or_less in order of, decreasing
temperature of the mabile phase. The intimate association between
certain_ brecciation and mineralisation. means that correct
recognition of the genesis of breccias in ore deposits is crucial when
applying geological reasoning to exploration strategy. Hence the
significance of-each type of breccia in a typical precious-metal
exploration programme in a volcanic terrane is briefly explained.
Examples o each type with which economic mineralisation can be
associated aregiven in Table 3.

1. IntrusiveBreccias

These are subdivided into three end members, to illustrate the
different processes operating in this environment, but a continuum
of intergradations between the end members exists.

la  Magmatic-Intrusive_ Breccias.  These are included in the
"intrusion breccias" of Sillitoe (1985_1)5 They are created during the
emplacement of an intrusivebody. They consist of clasts comprxsing
xenoliths of country rock, perhaps including previous intrusives, an
any fragments of early-crystallised portionsof the mtrusive disrupted
during "emplacement, in" a matrix of crystalline igneous material.
Such breccias frequently occur on the margins of “intrusive bodies
and typically contain clasts of country rock'in a crystalline igneous
matrix. They are easily disting kefrom %I:f;anc or magmatic-
phreatic brecCias by miCroscopic examination, because of the matrix
of c?stalh,ne igneous minerals, but may be difficult to distinguish in
hand specimen. Because of their hi em_Perature of emplacement,
they may show reaction rims around xenoliths.

Mineralisation in such breccias is of direct magmatic origin, with
perhaps some modification by reaction with host rocks. A major
precious-metal deposit in this setting is unlikely, without some
secondary concentrationprocess such as eluvial or alluvial action. In
terms of exploration, the ore-hosting breccia can be expected to be
closely spatially related to the margins of an intrusive, and these
areas'should bé investigated.

Ib. M. tic- thermal Breccias. These are equivalent to the
"magmatic-hydrothermal breccias” of Sillitoe (1985), or “carapace
breccias” (Laznicka; 1988} As an intrusive body cools, the residual
melt becomes increasingly concentrated in volatile_ components,
including water. This may exsolve as a separate volatile phase, in a
process known as refrogradeboilin% ("PhLLLons; 1973). Sucha hydrous
phase is very mobde, because of 'its high temperature, and, if
emplaced at”any significant th, is af lithostatic rather than
hydrostatic presSure. It may alsc be highly mineralised. K
solution therefore has a considerable pofential for hydraulic
fracturm§ of overlying formations forming breccia pipes and related
mineral deposits.

The essential difference between magmatic-hydrothermal breccias
and phreatic_breccias (as defined below) is that although both have
aqueous fluids as the mabile %hase, in magmatic-hydrothermal
breccias_brecciation is initiated by the releasé of mainly juvenile
magmaticvolatiles (though these may ultimately have beén derived
from the partial melting of crustal rocks). The proximal parts of
these breccias are formed at a much higher temperature than
phreatic fluids, frequently super-critical. They usually contain some
evidence of high-temperature, high salinity and volatile content
fluids for example minerals such as tourmaline, and fluid inclusions
with high homogenisation temperatures (often >400°C), and high
salinities (10-25 wt % NaCIg. ther identifying.features of this type
of breccla include a general ;
pseudomorphs.  Breccias of this type may grade downwards into
magmatic intrusive breccias with a Crystalline matrix, or pegmatites.
Thetr cooler distal sectionsmay grade into phreatic breccias.

Magmatic-hydrothermal breccias are very important in the
formation o mang porphyry-copper (and molybdenum) deposits.
Mineralisationin this case can be expected to occur in a sub-vertical
body which may be of considerable vertical extent. L ateral zonation
of alteration. mineralogy around the mineralised zenes may be
sufficiently distinctive to be useful as a guide to ore. There may be
some vertical zonation, but if the level where magmatic-
h?'drothermal breccias occur within the mineralising system has
already been exposed by erosion, gold _%rades will “probably not
improve greatly with depth. Any higherJevel segment which may
have been preServed by down-faulting could be more prospective.

The ore-hosting breccia will be spatially related to an intrusive, but
may extend some distance away from it.

Iec. matic-Tectonic Breccias. These are_included_ within the
“intrusion breccias" of Sillitoe (1985). As an intrusive is forcefully
emplaced, especially if it is viscous or substantiallycrystalline, it may
cause fracturing of the surrounding formation during emplacement,
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ﬁiving a magmatic-tectonicbreccia. The essential feature is that it
as been formed by deformation_associated with the emplacement
of an mtrusive, rather than b)“ regional faulting but is of mechanical
origin rather than due tQ hydraulic fracturing. The geological
relationships of the breccia fo the intrusive body offer the best
opportunity to_ identify magmatic tectonic breccias since texturally
the%'_ajre very similar to other tectonic breccias (see below). Breccias
of this type'do not usually aeeur in isalation, but in association with
breccias of other ineralisation within this type of breccia is
not directly related to the brecciation process, but brecciation may
provide & suitable preparation of the host rock for lafer
mineralisation. The location of these breccias in an intrusive
environment means that they are likely to undergo mineralisation by
other magmatic or hydrothermal processes. Tracking the extent, of
the breccia is important during exploration because of its empirical
correlation with ore, but there is_a good possibility that
mineralisation extends into other formations.

2. Volcanic Breccias

The essential feature of these breccias is that the energy causing
brelcg:_llatlon is derived from the release of pressure of magmatic
volatiles.

2a.  Endogenous Volcanic Breccias (non-eruptive or vent breccias).
These are equivalent to the "magmatic breccias” of Sillitoe (1985).
Thﬁivmare the sub-surface equivalents of eruptive volcanic breccias,
infilling eruptive vents. The degree of comminution of the clasts
depends on the violence of eruption, which in turn depends on the
volatile content of the magma and the depth of eruption. Ver{fassy
magmas may form diatremes similar to those created by
phreatomagmatic processes (described below). The essential
difference is that a volcanic breccia in the strict sense is mobilised
only by éuvenﬂe volatiles, whereas a phreatomagmatic breccia is
mobilise the interaction of magma with surface, ground or
connate water._ _In practical terms, discrimination between these
cases may be diffieult, and depend on the geological association;for
example kimberlite Lfup)es are presumed to be more likely mobilised

juvenile volatiles, because of evidence from their clast
comiposition that they are derived from great depth.

Breccias of this type can be recognised from their geological
relations to surroundimg formations, in that they occupy identifiable
volcanic vents, in roughly vertical bodies. ~ In terms of clast
composition, endogenous Vvolcanic breccias are similar to eruptive
volcanic breccias, though the mcr differ in contai a greater
%opomonl of count%-rock lithic clasts, and lacking ballistic clasts.

ey are distinguisha le from phreatic breccias (as described below)
by including Tuvenile Igneous material, which is éyplcally thé
predominant phase. Clastsmay have a reddish, oxidise a(;aEearance
in near-surface sections. They may grade downward into dikes. The
matrix consists of fine igneousvitricand lithic fragments.

The pracess of brecciation in this case is not directly related to
mineralisation, but brecciation act as a pre-preparation for
mineralisation by providing permeability for later mineralising
fluids. Although not strictly a causal rélationship, magmatic or
hydrothermal mineralisation” also tends to occur in this setting
because of the association with subsequent sub-volcanic intrusions.
The occurrence of endogenous volcanic breccias is therefore
empirically prospective for mineralisation. During exploration the
extent of the breccia body should_be determined because of its
empirical carrelation_ with ore, but it is not possible to predict the
extent of mineralisation with_depth on the basis of the association
with the breccia alone. Breccia bodies of this nature can be expected
to extend over a large vertical interval. Exploration becomes a
geostatistical exercise of determining the extent and grade of
economic mineralisation.

26. Exogenous (Eruprive) \olcanic Breccias. These breccias are
formed lg the eruption of fragmental volcanic material. Brecciation
may be due tg the explosive release of ma%natic volatiles, ballistic
effects, or collapse during extrusion (crumble breccias), Eruptive
breccias generally contain_a large proportion of juvenile volcanic
clasts, recognisable by their vesicular or 'gla% nature: They may
contain much or little country rock material The matrix consists of
volcanic ash, glass shards, or crystal or lithic fragments.
Hydrothermally altered (prior to emplacement) material is usually a
minor component (though fine- ained and especiallvvitric tuffs are
very prone to post-depositionaralteration. Clastsare angular, or
may show aerodynamic shaping If erupted in a plastic state. Near
the vents ?pqtter cones may be found. Beds may be massive, or in
the case of fine-grained air-fall tuffs may be finely laminated. Even
if they are massive and featureless on a small scale, thev are
de?osned in roughly horizontal layers, or at least at less than'their
natural an%le of repose, though they may mantle %)Tc])erz%?hy. If
deposited by base-surges, thely may”contain dune ; or other
cross-bedding. If traceable along Strike, changes from proximal to
distal facies may be apparent.

Thick silicic pyroclastics may be welded, and form a continuum
through to unbrecciated lava flows. If erupted in_a subagqueous
environment, volcanic breccias may show distinctive features such as
clasts of pillow lava, hyaloclastites, chilled margins to clasts. an:
much deuteric alteration with carbonates, chlorite and hematit
Subdivision of eruptive volcanic breccias according to clast «
morphology and composition can be made. but from the poi-
view of genesis such distinctions are unimportant except insot..
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they permit identification of individual units. Eruptive breccias are
transitional to volcaniclastic sediments, and phreatomagmatic
breccias, and to non-eruptive vent breccias.

In most cases, the process causing brecciation of this type is not
directly related to mineralisation. An important exception, however,
1S the “formation of submarine exhalative deposits of the Kuroko
tyﬁ)e. Volcanic brecciasmay also provide good permea_bllut%; and pre-
mineralisation exposure of a large surface area per unit volume, and
so can be selectively minerahsed later. There may also be a
correlation_between” the Occurrence. of volcanic breccias and
mineralisation simply because areas with active volcanism are also
tectonically favourable for other magmatically-related mineralising
processes.

Explorationin this situation can make use of stratigraphicprinciples
to_predict the extent and location of the breccia vody. Since the
mineralisation probab_I%/ post-dated and was independent of the
brecciation process, it IS essential to _interpret the nature of
mineralisation as well as that of brecciation, as mineralisation may
not be confined to the breccia unit alone. There may, for example,
be mineralised feeder channels at depth, whose Iocation can be
estimated by plotting isotherms based on alteration mineralogy.

3. PhreatomagmaticBreccias

These are equivalent to the “ghreatomagma_nc (hydromagmatic)
breccias” of Sillitoe (1985). Phreatomagmatic breCciation” occurs
when upwelling magma encounters water. _ This may
groundwater, connate” water, or a body of surface water.” The
mechanismsare sumarised by Sheridan and Wohletz (1983).

3a. Endogenous (non-eruptive) Phreatomagmatic Breccias.
These commonly form near-vertical pipes as diatremes,
though this term s alsg applied to the sub-surfaceparts of magmatic
hreatic breccia bodies (type 4 below), to which these are
ransitional. They may or ‘may not vent to the surface. Their
characteristic feattres are sumrmarised by Ollier (1974). They are
common%polylitholggic, often with a large proportion of wallrock
clasts. These breccias are_almost always matrix-supported. = The
matrix is composed of a_mixture of comminuted clasts and finely-
divided, often tuffaceousjuvenile material ("tuffisite"). By definition
some of the latter must be present or they would be magmatic-
phreatic breccias.

Phreatomagmatic breccia pipes may contain a chaotic mixture of
clast types, or there may be identifiable subhorizontal layers
representing the stratigraphic sequence. of countr}{t rocks through
which they have passed, often indicating very little net vertical
transport despite extensive clast rounding and a high proportion of
matrix.  However in_some phreatomagmatic breccia pipes clasts of
distinctive composition are found as much as 1000m below their
equivalent stratigraphic position in the surrounding formations.
Transport of fragments of_wood or lacustrine sediments to great
depths is not uncommon. These features are interpreted as dte to
collapse Of a fluidised breccia column. Phreatomagmatic breccia
pipes may be multi-generational,with later breccias cutting through
earlier-formed deposits. Because of the predominance of water as
the mobilising medium in these breccias, temperatures are
comparativelylow. Waood has been found preservedwith only minor
charring, even at considerable depth. Gases, especially COA. may
Egs a major role aswell as steam in the formation of large breccia
ies of this type.

Although the brecciation process is not directly related to
miferalisation, phreatomagmatic breccias are prime Candidates for
selective mineralisation by later hydrothermal fluids. In terms of
exploration, the extent of the breccia can only be used empirically as
a guide to the location of ore. It is important to separately evaliate
the mineralisingprocess.

3b.  Exogenous (eruptive) Phreatomagmatic Breccias. These are the
eruption products resulting froma %ahrg:atorpagmatlc process venting
to the surface. There iS an extensive literature describing the
features and mode of formation of these breccias, summarised by
Wilson and Walker ([982). If only a small quantity of water is
resent, or there is Uttle mixing with the magma,”the resulting
reccia may be indistinguishable” from eruptive volcanic breccias
(sensu Stricto). If there is much water involved, especially where
there is good sub-surface contacf of magma with groundwater,
violent explosions can occur resulting in vigorous disruption o the
magma into fine-grained, often vitric, pyroclastics. The products of
an eruption of this type can be distinguished from eruptive volcanic
breccias their “finely-divided nature, morph . and the
presence of clasts showing evidence of rapid cooling and interaction
with water. There is, however, a complete intereradation berween
purely volcanic breccias and phreatomagmatic breccias. The
essential difference between a phreatomagmatic breccia and an
eruptive volcanic breccia is that the mobife phase in the former
consists of steam derived from water which did not originally torm
part of the magma. whereas the latter is fuelled by the expansion of
magmatic volatiles (which may include, wate&). The _difference
between phreatomagmatic eruptive breccias and phreatic eruptive
breccias. which_are also eenerated by ste:in explosions. is that the
former includejuvenile igneous material. whereasthe latter do no:.

Mineralisation in breccias of this type is not directlv related to the
process of brecciation, but they canprovide a suitably fractured nost-



rock for later mlnerallsm% fluids.  Similarly, they are prone to
mineralisation because of _their location”in dreas of active
magmatism. This association is stronger than for exogenousvolcanic
breccias, because a §reater proportijon of _ﬁlhreatomagmauo breccias
are of a silicic or felsic composition. The geologic and tectonic
setting in which thes? magmas tend to Oé:fcu[ is more fe}vou[able for
mineralisation than, for example, areas of plateau basalts. In terms
of exploration apPhcauon of stratigraphic principles may be useful
in predicting the ocatjon and extent of the breccia body, but since
the process of brecciation was probably not directly” related to
mmleraths;txon, the mineralising proceSs should beé separately
evaluated.

4, Magmatic-Phreatic Breccias

By our definition, magmatic-phreatic brecciation occurs through the
flashing or expansion of a fluid which is composed of water or Steam
which ‘may contain a proportion of magmatic volatiles_but is
predominantly of meteoric, groundwater or connate origin, and
which has been directly heated by the intrusion of magma, and
where the_resulting breccia does’not contain juvenile magmatic
products. The differencebetween a phreatomagmaticbreccia and a
magmatic-phreatic breccia is that ‘the former includes juvenile
magma (as distinct from magmaticvolatiles), whereasthe latter does
not. A magmatic-phreatic breccia may be considered as a variation
on a phreatomagmatic breccia in which the fuelling mechanism is
the contact of magma and water, but where the site of brecciation is
remote from the point of contact. They are therefore two end-
members of a continuum.

The difference between a magmatic-phreatic breccia and a phreatic
breccia is that the heat source for a ma%mauc-phreatxc breccia
consistsof an intrusive body of hot rock which directly heats water
above its flash point, whereas a phreatic breccia is formed by the
flashin of a body of water which may be heated by an intrusive at
depth %ut for which the mechanism transport_m(% energy close
enough to the surface for flashing to eecur is the convective
movement of water, which over a substantial part of its circulating
path is single-phase. is a subtle distinction, and not often
drawn, but™is_vital for understanding the formation of certain
mineral deposits. An essential feature Is that phreatic breccias are
the results of small disturbances of a more or less steady-state
hydrothermal 8¥st_em, and, may therefore occur quasi- over
a’long period of time, while magmaticphreatie breccias result from
a singjle rrofound disturbance of the hydrological regime and are
agpare_nl stochastic_in occurrence (Lawless, 1988). Magmatic-
phreatic brecciation is a much more energetic process, and can
result in an eruption with a much deeper focus.

Magmatic-phreatic breccias have not been distinguished as a
se_?arate class by previous authors, but have been included either
with phreatomagmatic or phreatic breccias (as defined here), or
more generally simply refefred to as "hydrothermal breccias". t is
clear,.though, from L'LG icka’s inclusion (ibid; p232? of phreatic
eruptions 1n his discussion of fuel<oolant Mteractions, that he
recognised the mechanismwhich is presented here.

4a.  Endogenous, non-e:gpﬁve) Magmatic-Phreatic Breccias. Some
of the units described as diatremes are of this nature: the essential
gomt is that this type of breccia lacks juvenile igneous material.

therwise they share many of the characteristics of endogensiis
Phreatomagmatlc breccias, frequently e%mgl'h porlﬁ/ml_ct,_ vin

ounded _clasts, and being matrix sup%ort . The matrix is clastiC
though it may be subject to later hydrothermal alteration and
therefore apparently crystalline in hand specimen, The distal
portions of such & bréccia may be indistin%lishable from an
endogenous phreatic breccia and may grade mto hydrofractured
brecclas.  However, since magmatic-phreatic breccias tend to be
mobilised by steam and gas, or super-critical fluid, rather than
water, theré 1s less opportunity for the transport of dissolved
constituents than in h{ldrofractured breccia formed by a single phase
or liquid-dominated fluid. Hence there is little tendency for the
deposition of hydrothermal minerals, and so Httle cementation of
the matrix or vein infilling. ~Gas-phase mobilisation in breccia
formation is documented by Konstantinov (1978). These breccias
may only be identified hecause of their geological relations, and
lace in"the geological history of a hydrothermal system. Sillitoe
inms, p1491) describes phreatic or me?natlc-phreatllc breccia pipes
that features such as rounded clasts, polymict nature and
matrix support, that are indicatlve of considerable clast transport,
but terminate upwards into blind veins and cannot have oeen
eruptive. Tt would seem possible therefore that breccias of this type
can be formed entirely subsurface.

As the magmatic-phreatic breccia is a new classification, a number
of examplesare cited (see Table 3 for references). A good example
of an endo%enous mg:gnatic-phreatic breccia (in‘the opinion of the
present authors), which has been extensively explored by drilling, is a
unit informally referred to as the "Muddy Breccia" at the Kelian gold
deposit, Kalimantan, Indonesia. There is evidence for late-stage
injection of magma into the Kelian Rydrothermal system, by way Of
late-stage high temperature/high safinity fluid inclusions “and”the
presence of tourmaline which suggests high temperatures and
magmatic volatiles.  The deposit in which this unit occurs is
described by Van Leeuwen er al. (1989), however present
several alternative possibilities for its origin. Other examples of
late-stage magmatism into a gre-exisling hydrathermal system
include the Boulder County gold deposits, Colorado, USA; Cerr
Violeta and Cerro Colorado, Chde; late-Stage post-mineralisati.
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pebble dikes at El Satvador, Chile; and fluid inclusion evidence for
alternating high  temperature-high saliﬂit)ﬁlw\( temperature-low
salinity fluidsin the Topia depositand Fresnillo district, Mexico.

Rapid and prolonged bonlmg of a hydrothermal fluid, such as occurs
when brecciation (and possi éy eruption) permits pressure release, is
a potent mechanism for gold depasition, as the abrupt less of H,S
destabilises the bisulphide %;np exes Which are mainla' responsit%e
for transporting gold in tis chemical _regime. onsequently,
mineralisation tn many epithermal deposits is concentrated within
"hydrothermal”breccias, This mechanism applies to both phreatic
and to rmgmgcc;f)hreatlc brecciation, but the potential of the latter
to cause large-scale, energetic, vigorous flashing means that it can be
particularly effective. This is demonstrated in Figure 1, where the
area betwéen the temperature profiles and the reference boiling-
gomt.fo.r depth curve is proportional to the en_erg%(1 available for

recciation and eruption.  This is much greater in“the case of the
magmatic-phreatic profile, curve 3t, than Tor the "normal” phreatic
profile, curve 2t The presence of a percentage of magmatic volatiles
in magmatic-phreatic fluids, due to the Close association with
magmatism, Can also have a synergistic effect both by providing
fluxing elements for metal transport, and a low pH leading to a
geater paotential for fluid-rock mteraction and chemical changes

rough mixing with a near-neutral pH hydrothermalfluid.

A breccia of this type will be contained within a pre-existing
hydrothermal system. The pre-existing hydrothermal system ma
have produced “a pattern of alteration zoning which is”effectively
unrelated to the economic mineralisation, so targetting what appear
to be prospective zones within this pattern may not be successful,
and may cause the true ore zones to be overlooked. Alt_ernatwe%
economic mineralisation in this setting may be associated wit
higher-temperature mineralogy (such as secondary actinolite, or
base metals) than is_ normally the case in the epithermal
environment, so recognition of such phases should not be taken as
an indication that the system has been eroded to below the level of
high-grade mineralisation.  Exploration may have to extend to
greater depth than is usual in the epithermal sétting.

4h. I nous (erup_tive?]Ma matic-Phreatic Breccias. The eruptive
deposits of a magmatic-phreatic breccia gégatly resemble those of a

phreatic eruptive breccia, as described below. Unless the clasts

contain fluid inclusions or mineral:’gy indicative of high temperature

or saline fluids, distinction may onfy be possible by mterpreting the

Ee[ologlcal history, or by recognising that the eruptions were very
ge Or deep-seated.

A well-documented example of a series of_historical magmatic-
phreatic eruptions is that at Waimangu, New Zealand, following the
1886 volcanic eruption of Mt Tarawera (Keam; 1988{; They are
interpreted to have resulted from the intrusion of a basaltic dike
along a pre-existing zone of structural weakness. This reached the
surfacein a dry, elevated area at Tarawera, causing the eruption of a
volcanic breccia. At Rotomahana it encountered a low-ying area,
saturated with warm  groundwater, —and eru?:t as a
hreatomagmatic breccia.. At Walman%u the magma failed to reach
he surfacé, as no juvenile material has been recognised in the
eruptive products, but it interacted with the existing hydrothermal
system to groduce a magmatic-phreatic _eruption, followed
continued phreatic activity.” The events at Tarawera, Rotomahana
and Waimangu are clearly related in time and space. If it was not
for the historical record of the Tarawera eruption, it is doubtful that
the products of the Waimangu eruptions would be identified as
magmatic-phreatic breccias rather than phreatic breccias. Such
events are probably more common than_has been recognised. One
grobable example of fossil magmatlcaphrgatlc breccias is at

otokawa. New Zealand. The largest identifiable single eruptive
unit has a volume of 10 Mm3{_ (Collar and Browne, 1985). It is
difficult to imaﬁme that sufficient energy for an el“l_lfptlon of this
magnitude could be stored close enough to the surface within a
simple convective hydrothermal system, and an extra addition of
energy from a magmiatic source seemsprobable.

Mineralisation within exogenous hydrothermal breccias is similar in
origin to that in endogenous magmatic-phreatic breccias, but since it
occurs at lower temperature, its frue character may be more difficult
to recognise than in the sub-surface equivalents. Such breccias have
a low potential for preservation in the geological record, since they
occur on the surface, more often in areas subject to erosion than
sedimentation. In terms of economic mineralisation, the main
significance of exogenous magmatic-phreatic breccias may be to
indicate  the probable presence of mineralised endogenous
magmatic-phreaticbreccias at depth.

5. Phreatic Breccias

These are equivalent to the "phreatic (hydromagmatic) breccias” of
Sillitoe (1985). Qur definition is that phréatic breciation is caused bz
the expansion of steam and gas from a water-dominated fluid, wit

only a minor component of magmati¢ volatiles, and that the
mechanism of energy transport to the focus of brecciation has to be
at some point by a freely<convecting column of sub-critical hydrous
fluid, though the process may involve flashing (steam and gas phase
separation). It also includes hydraulic fracturing of the containing
formations by hydrothermal fluids. The term phreatic breccia
includes breccias formed by similar processes in *amagmatic"
hydrothermal systems such as those in' continental {)Iate collison
zones (Henley; 1984; an example in Tibet is documented by Liao et
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al. (1980).. The term does not, however, include collapse-breccias
formed within a_hydrothermal system, whether due to mechanical
collapse or chemical solution.

Sa Endogenous Phreatic Breccias. These breccias most commonly
occur in _irregular subvertical pipes. Near-surface, they form
upward-flaring vents and be_ traceable into_eruptive phreatic
breccias, or "they may terminate as a "blind" breccia pipe.
Downwards, they ay grade to stockworks and veins. The nature of
the resultln%]brecuas varies widely dependm%1 on whether flashu;g
occurs and the degree of clast transport. With a single-phase flui
and effectively n0 clast transport a "jigsaw" breccia may result
(hydrofractured breccia). These are monomict and matrix-poor;
clasts_are angular. With a greater degree of clast transport the
breccias become increasingly polymict, Clasts are rounded and the
proP_ortlon of matrix to clasis increases. Clast pu%put,rather than
matrix support is, however, typical of phreatic breccias. If the
transporting medium is a single-phase hydrothermal fluid of typical
neutral-chloride composition, a range of typical hydrothermal
minerals will be sited between clasts and in veins.” If the fluid
boils, minerals such as quartz, bladed carbonates, adularia and
wairakite may form. Phreatic brecciation is often multi-stage, giving
rise to multiple brecciation textures in the shallower parts of the
veins, and banded vems and colloform textures below.

If clast transport is principally by steam and gas, as must occur in the
upper part of phreatic brecpla_ptllpes which vent to the surface, and

rhaps others, then there is little tendency for cementation of the
breccia by hydrothermal mimerals, as steamdoes not transport much
in the way of mineral solutesat hydrothermal temperatures. There
may be very little recrystallisation of the matrix, which will remain
clastic (for. example, at the 'Golden Wonder gold deposit
(Kalliokoski “and” Rehn;  1987))  unless water-dominated
hydrothermal fluids later rise to occupy the spaces in the breccia
(lmplygngba rise in fluial Sress re), Thecompoesition of the clastsim a
phreatic breccia depends on the nature of the formations. through
which it passes. However, since such breccias occur withm active
glrdrothermal systems, most of the clasts are usually hydrothermall

tered before” brecciation, and in turn may contain differen
secondary minerals from those in the matrix and veins. Most often,
since clasts tend to be transported upwards, alteration in the clasts
indicates higher temperatures than do the mineralsin the matrix and
Vems.

The flashing of hydrothermal fluid during brecciation and/or
eruption can be a direct cause of precious metal mineralisation,
{ocalising economic mineralisationwithin the breccias, Rzcognition
of a breccia of this is therefore in itself a prospective indication
of mineralisation. Endogenous phreatic breccia bonanza zones can
be extremely rich targets;, the corollary of which is that an economic
exploration “target in this environment can be very small.  In
particular, fossil boiling zones are prospective, and to a lesser extent
zones of fluid mixing. 1t is therefore necessary to interpret the
pqieg-_al'iygqioy o 'the _he/drothermal system responsible  for
min tion_and brecciafion, by means of the bydrothermal
mineralogy. Once the paleo-hydrology is understood,” exploration
can be targetted to the most prospective zones.

sb. us Phreatic Breccias. Breccias of this are well
described and illustrated by Hedenquist and.Henley {(1985). The
eruptive deposits are usually polymict, matrix-supported breccias.
Eruptions of this type have a shallow focus, and so the clasts in
breccias of this typé often have a composition reflecting relatively
low temperatures and often a low pH in the upper 100-200m of &
rothermal s{stem. They are made up of opaline silica, sinters or
alcedony, sulphur, kaolinite, alunite and various other hydrous
alumino-silicates. _Pre-brecciation  mineralisation _ cONsists
predominantly of pgrlte, marcasite or _arsenopyrite, with other
arsenic, antimony and mercury-bearing minerals.

Eru;l)tlve phreatic breccias are deposited in relatively thin |
rarely exceeding10m in thickness, but may cover wide areas.

may be crudely sorted and graded but are otherwise featureless.
Sagsbeneath the larger ballistic clasts may be apparent. Since these
are definition “deposits formed on the ground surface,
hydrathermal alteration after brecciation is limited to low-
témperature phases, unless there is subsequent burial followed.
continued hydrothermal activity. As for magmatic-phreaticbreccias,
exogenousphreatic breccias have a low potential for preservation in
the geological record.

Active hydrothermal systems commonly contain fluids which are
layered in zones of different chemistry.” The shallowest zones are
frequently acid, and being connected to the source fluid at df

ml byl_way of a vapour-dominated zone, do not contain appreciable
gold. “Thesignificance of this is that an exogenous phreatic breccia
may contain Clasts with a oon:‘posmon indicating alteration by acid
fluids, and very low gold grades, but still overlie rich boiling-zone
deposits at depth. Correct recognition of_this situation is therefore
essential for ‘successful exploration. The main significance of
exogenoLs l_ause‘j:hreatlc breccias is to indicate the ible existence of
mine endogenousphreatic breccias and host rocks in the sub-
surface. However, mineralisation taking place at the present day in
active hydrothermal systems has been noted (eg. K_rupp and Seward;
1987), and exogenous phreatic_breccias can constitute an important
part of an economic deposit, if they contain sufficient mineralised
clasts that they constitute ore. In this event, their extent and
location can be determined by applying stratigraphicprinciples.
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6. Tectonic Breccias

These are equivalent to the 'tectonic breccias of Sillitoe $1985).
Tectonic breccias are formed by the mechanical disruption of rocks
in response to tectonic stress.” Mechanical disruption mnay grind
clasts to rock_flour forming e or n‘flomte_. ectonic Dreccias
tend to occur in Identitiable; usvally steeply dipping, fault planes. If a
large enough .exposure 1s available, i outcrop or in a drillhole,
tectonic breccias may be seen to lie between two different rock
types, on either side of the fault (though-ths can be misleading as
pPreat;c breccias also commonly follow lithologic contacts or faul
planes).

Within unmetamorphosed volcano-plutonic terranes, mineralisation
in tectonic brecciasis generalty not ducct_lgsgelated to the process of
brecciation, although the comments of Sibson (1989) regarding the
importance of dilatancy and tectonic processesin the generation and
movement of potentially mineralising fluids are significant in this
regard.  Tectonic breccias on fault zones within an active
hydrothermal system do, however, form highly permeable_channels
for the passage of hydrothermal fluids, ‘and 'so alteration after
brecciation can frequently obscure the effects of tectonic brecciation
leaving apparently phreafic breccias. Features such as alignment or
imbrication of clasts, slickensides,and finel laminated textures may
still reveal their tectonic nature.” Under the microscope, undulose
extinction indicating strain in quartz ac:lyslals may yield a clue, and
some evidence of the planar fabricshould remain:

Tectonic breccias are of major irng)ortance for mineralisation in
metamorphic terranes: discussion of these are outside the scope of
this paper. - Comparisons between the mineralising fluids In this
setting, and those in magmatic-related hydrothermal systems, and
discussions of the mineralising processes, are provided by McKeag
and Craw (1989). If mineralisation is associated with @ tectonic
breccia in a non-metamorphosedvolcanic terrane, it is unlikely that
the tectonism caused the mineralisation,and so the function of the
breccia Is probably just to provide a permeable path for mineralisi
fluids. Exploration strategy should consist of tracking the extent o
the breccia, and separately interpreting the mineralising process. If
mineralisation afgpears to’have pre-dated faulting, the possibility of
concealed cut-off madneralised zones should be considered.

7. Sedimentary Breccias

These breccias have an extensive literature summarised for
examgie by Laznicka (1988)), and are only included here to show
how they relate to the proposed genetic classification scheme. In the
typical ~ epithermal/mesothermal  environment, they consist
principally of volcanicmaterfal. Volcaniclastic sediments range from
ﬁ%iclastic deposits such as laharic or avalanghe deposits, that have

le evidence of sedimentary processes, through to well-sorted
volcanogenicsandstonesor pumicites. The essential feature of these
breccias’is that they have been emplaced on the Earth's surface by
predominantly sedimentaryprocesses.

Volcanic agglomerates or laharic deposits, which have under one
little sedimentary _transport can be difficult to .distinguish from
eruptive breccias. They share the features of formmg sub-horizontal
layerson a gross scale, but are generally unsorted and featureless on
the outcrop scale. With a greafer degree of sedimentary transport,
clasts become rounded and sorted and may undergo some
mineralogical selection, with material such as volcanic glass being
rapidly broken down and removed. Features indicative of water
transport May be apparent, such as cross bedding. There may be
interbedded non-volcanogenic sediments.

Mineralisation in this setting is not directly related to the brecciation
process. In terms of exploration, similarcomments a l{ asto an
exogenous Vvolcanic breccia. The extent and location of the breccia
can be predicted by stratigraphy,but the mineralisingprocess should
be separately evallated.

Conclusions

Since some breccia-forming, processes can be _responsible for
mineralisation, correct recognition of breccia genesisis an important
part of the explorationprocess. Erection of & mineralisation model
u% tterms of genetic processes can be used to guide exploration
strategy.
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FIGURE 1:Pressure and temperature profilesin hydrothermalsystems

Curve 1p: Referenceboiling-point-fordepthpressure gradientfor pure water.

Curve 1t: Reference boiling-point:for-depth temperature profile for purewater.

Curve2p: Pressure profilein hydrothermal system just before phreatic brecciation.
A low permeability layer exists between a and b. The fluid betweenc and
b consists of a mixture of gas and steam confined belowthis layer. The
focus of the brecciation (and/or eruption)is at b, a depth of 220m from
the surface.

Curve2t: Temperature profile correspondingto curve 2p.

Curve3p: Pressure profilein a hydrothermal system just before a magmatic-
phreatic eruption, as a result of an intrusion of magmadét depth (not
shown 0N this scale). The preexisting pressure gradient has been
increasedfrom depth upto point d. The focus of brecciation/eruption is
most likelyto be & e, a depth of 850m from me surface.

Curve 3t:  Temperature profile correspondingto curve 3p.

Curve4p: Referencelithostatic pressure gradientassuming aformation
relativedensity of 2.5.



Wi/

TABLE t : Proposed Genetic Classificationof Breccia

FIGURE 2: Geologicalenvironments where each type of brecciacould occur.

Numberingcorrespondsto breccia types Intext and intables.

TABLE 2 : Correlation of Breccia Nomenclature

ENERGY SOURCE !
MAGMA MAGMATIC
VOLATILES
Inanumion
Magma [desctly) [ta] Magrmatic-snrusive isccia 1] Magmane
[2a) Endogen
{E fusive lava} f2b} Esogano
Magrma, indisectly fheough
el in unsiatie Hansent
wystem
Wates in quasi-stable
Convecte Byste
0
Tectonam
Sulical procmasey
i DECI ASI
Kay: - fand not 1o surtace)

8] ¥
{1 = subsurtace (and connected o surlace)
{

TABLE 3 : Examplesof MineralDepositsAssociated v

Nojs that soma of these terms arc nat direct cqwalenls. since they are used Inditterent contexts

ot specitically detinws)

THIS PAPER Baker ot al. (1586) Sillitoa (1985)
Magmatic Intrushoo breccia (not discussed) Intrusion bereccla
Magmatic hydrothemal beeccla Hypabyssal breccla fintrusion breccla Magmatic hydrothermal breccia
Magmatic-tecionkc breccia [not discussed) (not discussod)
Endogenous volcanic breccia Hypabyssal breccia? Magmatic breccla?
Exogencus volcanic breccia Mypatryssal breccla? {ncd discussed)
Endogenous pheealomagmalsc breccia Diatreme breccia® Phreatomagmatic (hydromagmalic) brecca
Exogonous phreatomagmalic broccia Tul teeccia® Phegatomagmatic (hydromagmatic) breccia
Endogenous magmatic phreatic breccia {not gistinguished) {not distingusshed)
Exogenous magmalic phreatic breccia (not distnguished) {not distinguished])
Endogenous phrealic brecch Hydeothermal explosion breccia Phraaric (hydromagmatic) breccia
Exoganous phreatic breccia Hydrothermal sruption breccia Pheeatic (hydromagmatic) breccia
— e
Toctonke brecch Fault-related brecela Tectonk breccia
Sedunentary biocea {not discussed) [not discussed)

BRECCIA TYPE DEPOSIT PRIN
ECOI
MINERA
s Magmatic intrushe Aedwedl Basin Complex, M
Colorado, USA
b Magmatic-hyde d Peru Cud
1c  Magmaticiectonic
2a  Endogenous volcanic Toquepala, Peru A
28 Exogenous volcanic GoldRidge. Guadalcanal
3a  Endogenous phreatomagmatic | Montana Tunnals, LISA Acry
3b  Exogenous phrealomagmatic -
43  Endogenous magmatic- Kelian. Kalimanian, AL
phraatic Indonesia
Boulder County, A
Colorado, USA
Carro Violata and
Carro Colorado, Chite
4b  Exogenous magmatic- Wau. PNG AL
phreatic
Sa Endogenous phyeatic Golden Cross, NZ Ay
5b  Exogenous phreatic Wau, PNG Ay
Mel augiding, LISA Al
& Tectonk
7. Sedimentary






