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This guidedemonstrates how to identify and describe key features of porphyry
deposits. Topics emphasizing field observatieteged to porphyry depositaclude

a) identification of habits (textures or modes of occurrence) that aid in the concise
description and recording of geology, alteration and ore mineralization, b)
theoretical features of alteration and mineral depositiones¥entialaspects of
deposit emplacement and d) major deposit models of porpligpositsthat
include exploration vectors to ore location.

This guide will hetp

1 geologists and experienced prospectonsanting to upgrade or learn new
exploration field skills, especially those involved in evaluating porphyry
deposits or porphyry deposit prospects,

1 exploration managerdooking to train groups of field geologists to a higher
level of expertise in exploration methodology and pattern recognition of
vectors to ore zones,

1 geologists and managemseeding advanced and consistent coordination and
efficient field exploratiopand

1 executives or investorgnvolved in exploration ventures who need an
overview of how best to understand, conduct and enhance field exploration.

Front cover is a photo of reverse circulation drilling in 2008 at the Don Luis pegpbiggntungsten
prospect, central Sonora, Mexico.
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INTRODUCTION
In this part, you will learrt
C aframeworkfor studying porphyry deposits
C where to get comprehensiveeference materia) and
C the significance of hypogene versus supergene environments

Thisguide is an extensiownf the introductory guidePorphyry and Epithermal DepositMineralization,
Alteration and LoggingGodwin, 20B), publishedby the Mineral Deposit Research Ui DRU)at the
Department of Earth, Ocean and Atmospheric Sciences, The University of British Commbtae
Mineral Deposit Division of the Geological Association of Canadw.available from The Geological
Association of Canada, dtttps://gac.ca/productcategory/new_releases/(regular price is $70.00,
discounted to $38.50 for Members of the GAB)fore realing thisguide it would be helpful to be familiar
with the basics presented in the above introductory gaigerticularly the material in the appendices

Porphyry Deposits: Key Features and Modfdsuses on kegeology featureand alteration common to
porphyry depositghat can be identified in the field without expensive, sophisticated instruments. The
emphasis is on practical, fietitiented exploration methodologthat facilitatesthe location of ore

Therefore, aframework is providedto learn about generalized modelsThese models detasipatial
features common to porphyry depositnd supporting mineralogical, chemicand physical details.
AppendixA (from Godwin, 200) facilitates descriptions by providire) shorthand, readableodes for
minerals, rocks and descriptive comments that allows rapid, accurate and consistent descriptions of
geological/alteration features and b) logging methodologies and templates for descdiaimgpnddrill
coresin a digitally compatible way. These codes and logging procedures aretriddue approaches

that enhance the ability to communicate quickly, clegalyd descriptivelyn a way thafacilitates ongoing

digital manipulation, iterpretation, and identification of vectors to ore locations.

A cautionary commenton modelsY a! £t Y2RSfa FFNBE gNRy3d:X az2YS I NB
identifying features worth looking for scrucialquality of modelslIf you are not focused on looking for

specific features while in the field, they are moohallengingto discover/observe. In addition,
observations alone mean little unless interpreted within the larger framework provided by ntodels
hopefully, models with guides to likely ore locationmprovement ofthe presentedgeologicamodelsis

expectedas newdepositdetails becomeavailableand understood.

Resourceswith extensive, detailed, and voluminous compilationsof the geology and alteration of
porphyry deposits required references for the serious porphyry explorationigiclude:

1 Carter,L.C.,Williamson, B.J., Tapster, S.R., Costa, C., Grime, G.W., and Rollinson, G.K.
(2021): Crystal mush dykes as conduits for mineralising fluids in the Yerington porphyry
copper district, Nevada; Commun Earth Environv. 2, no.59.
https://doi.org/10.1038/s43247021-001284.
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Minerals likely to be encountered in the fieldredetermined bywhether they are found in theypogene

or supergene environmentsSpecifically, hypogene sulfide minerals are not commahesurface due

to surface weathering and other supergene processes. Consequélglytifying secondary minerals
becomes essentiato the recognition of original hypogene mineralization. Wetivle related supergene
enrichment ofcoppergrades iscritical because supergene enriched sulfide and oxide minerals can be
valuable; however, they often require specific recovery methods. Detailed mineral descriptions are in
Godwin, 20D. Essentiaiinerals, and their codes, related to porphyry depsgte in AppendiA.

Supergeneand hypogene minerals are variably found in field surface exposuresHypogene sulfide
minerals are not common ahe surface due to surface weathering and other supergene processes
Gonsequently, the identification of secondary minerals associated with supergene mineralization
becomesessentialto interpreting precursorhnypogene mineralization. Watdable-related supergene
enrichment of grades is alstital because supergenrenriched sulfide and oxide minerals can be valuable;
however, they often require specific recovery methods.

This guide highligtd features relevant to describing and understanding the geology and alteratdn
porphyry depositsThe sequenceof topicsin the following text is
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Definitions and key features emphasizing their tectonic setting and associated plutonic,
porphyritic and breccia rocks

Basic types and overview photos

Habits of mineralization and alteration,

Sructural and ground preparatiorelated to emplacement

Achemical phase diagram and an infiltratidiffusion modeko explainhypogenezoning
Idealizedmodels ofhypogenealteration facies and zoning for diffnt deposit types with an
emphasis on ore location and

Qupergene alteration where copper is removedand enrichment, where copper iadded to
underlying hypogene or prexisting enrichednineralization

Be sure you understand from thigart that:

C
C

C
C

this guide idield-oriented,
there is abundant detailed literature about porphyry deposits
both hypogene alteration and supergene alteratibenrichment are describe@nd

alteration zoning can predict ore locatian
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DEFINITIONS AND KEY FEATURES

In this sectionyou will learn
C the definition of a porphyry deposit
C aboutcommonhost rocks,
C aboutsize, gradeand otherstandardfeatures, and
C definitions of some key features.

The definition of a porphyry deposin 1960, when the author was an undergraduate svéadeposit that

can be mined with a steam shov@lhe implication, of course, is that porphyry deposits are large, and
large-scale operpit mining allows for recovery of relatively low grades of, most commonly, copper and
molybdenum. Thus, porphyry deposits are large,-gpade deposits of, mainly, copper molybdenum.
Values from gold and silver can be importanbgsgproductsin sulfide concentrates, but this varie®ifin
deposit to deposit. These deposiegjuidimensionain plan view, are most commonly mined by ogain
methods to depths of about 40®; however, bulk underground mining is increasing. Porphyry deposits
are frequently, but not always, marked by extensive rusty zonesrb00more in diameter (e.g., Figuiée.
These rustNB R WE KdzYO LINAY G Q | f 6SNIF GA2y T2ySazxz 0O02YLR&aSR
oxidized sulfides), can lewidentin the field and apparent on colour photographs and interpregatkllite
imagery.

Host rocls for porphyry deposits arporphyty, breccia,granitic and less oftenvolcanic Deposits appear

to be genetically related tgorphyritic rocks as the hame suggestBrecciasalso seem to belinked
genetically toboth the deposits angborphyry. Ore-mineralization occurs mainly as sulfides in veins and
as disseminations imposed on highly fractured rock. Where porphyry defositsin apicalcupolas of
stocks alteration andnineralization can concentrate alofrgicturescaused by the intrusion of the stocks

In special situations, especially in porphyry molybdenum deposits, brain rock with unidirectional
solidification texturein brain rock of stockmdicatespotential ore mineralization if only because of its
occurrence at the large Henderson and Climax porphyry molybdenum mines in Colorado, United States,
and at the giant Oyu Tolgoi porphyry copfgrid mine in the South Gobi region of Mongolia. Porphyry
deposits found in differentiateatholiths (such as Valley Copper in the Guicl@eek batholith,
Highland Valley, British Columbia, Canada, and Afton in the Iron Mask batholith, Kamloops, British
Columbia, Canada) arguably are related to late, rmétal, hydrous accumulation resulting from
progressive precipitation of dominantly anhydrous minerals in @apiecipitated batholithic rocks.

The size and grade ofopphyry depositsare typically at least 2fhilliontonnes with hypogene copper

grades from 0.2 to 1.0%. Supergene enrichment can increase copper grades to several percent. Supergene
enrichment can occurin nonglaciated areage.g.,at Casino in Yukon, Canaffégurel]; porphyry
deposits in Arizona, United States, and Chile and Peru. In a 1976 review of porphyry deposits in the
Canadian Cordillera, SutherlaBdown,and Cathro (1976) found that, at that time, porphyry deposits in
British Columbia, Canada, ranged from about 45 to ®@0on tonnes with copper grades from 0.2 to

1.0% and total contained copper metal from 182,000 to 2,900t600es. Asummary of economic
featurescommon to porphyry deposits is presented ihBLEL.
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TABLE 1. Economic features common to porphyry deposits
CuEq = copper equivalent (e.g., value of copper plus molybdenum in terms of copper value).

was compiled mainlfrom the extensive, detailedand voluminous compilatioreted above.

Feature

Amount and
area

Valuable hypogene
minerals

Valuable
supergene
minerals

Surface and
depth

Surface: generally
greater than 500 m in
diameter, and
commonly at least
400 m in depth.

Hypogene minerals
are found at the
surface in glaciated
terrains but are rare in
areas that are
supergene altered.

Supergene copper
oxide minerals are
sometimes
recoverable.
Supergene copper
sulfides are
generally
recoverable.

MoOs = 0.599% Mo.

Tonnage Commonly 1007 Tonnage of ore is Itis included in
overall 500 million tonnes. generally limited to the | the column to the
G800 million tonnes to.nnage of the volume | left.
. with a grade greater
usually are dvorld h ifiad
classt than a speci
economic cut-off. For
exampl e, AT
resource at the No-
Name-Deposit is
estimated at 125
million tonnes
averaging 0.31%
copper with a 0.2%
copper cut-off.
Copper 0.51 3% CuEgq. Main minerals are Chalcocite,
grade Better grades are the | chalcopyrite, bornite covellite,
result of supergene and molybdenite. chrysocolla,
enrichment, but these | Also relevant is the cuprite,
rich supergene zones |c o mme nt -ofnf | chalcanthite,
are increasingly mined | the description for antlerite and
out. tonnage. brochantite.
Molybdenum | O1% MoS2= 0.899% Molybdenite Ferrimolybdite

and powellite in
capping is not
recovered.
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Gold and Q.5 g/t each; Silver, gold and Some oxidized
silver generally, they are by- | electrum. Commonly cappings have
products. associated with recoverable gold
magnetite, hematite and silver by heap
and molybdenite. leaching.
Tin and (0.5% Sn = 0.64% Cassiterite, stannite,
tungsten SnO:2 and/or 0.5% wolframite and
WOz =0.397% W. scheelite.
Pyrite Pyrite is common in all | Pyrite generally is not
deposits. economic and can
promote acid
generation problems.
Locally pyrite is used
to generate acid for
leaching.
Nepheline Nepheline is locally Nepheline, if free of
abundant in nepheline | iron impurities (e.qg.,
syenite associated biotite), might be
with alkaline porphyry | valuable for glass
deposits. manufacturing; it is not
currently recovered.
Mica and QL0% might occur in Muscovite and other Clay has unknown
clay some tailings. micas are not currently | potential as a by-

recovered but could
be a valuable plastic
additive.

product in
porphyry deposits;
it is locally a
source of pottery
clay in supergene-
altered greisen.

Gross value

Commonly billions of
dollars.

Sum of the values for
contained bornite,
chalcopyrite and
molybdenite, plus gold
and silver and/or tin
and tungsten credits.

Main minerals are
chalcocite,
chrysocolla,
chalcanthite,
cuprite, antlerite
and brochantite.
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TABLEL illustrates that porphyry deposits are largemineralized bodiesof rock These bodies were
initially fracturedsohydrothermal fluids could flow through and mineralize the rock. Because most of the
fluid is magmatic in origin, these fluids were hot (250° to 65@f@) metals were transported in the fluid
mainly as chloride complexeew alteration minerals were formed as tfaids reacted with the rocks

they passed through. As a result, compositions in the outward and upward moving fluids alsocchange
Systematic changes in moving fluid composition and in temperature result in zoning, within which there
are predictable locations for ore mineralizatio®nsequently, zone mapping the field by a geologist,

with reference to porphyry deposit models, crucial in exploration leading to mine discovery.

Definitions specifically related to porphyry depositare in the insertthat follows. Defined are a)
Definitions of porphyry and greisenb) Definition of pre syn or post mineral and interminerak)
Definitionsof alteration, hydrothermal, hypogenere shell, pyrite haland supergenandd) Definitions
of porphyry deposit, greisen porphyry deposit and gold porphyry deposit

Definitions related to brecciaare also in the followingnsert Defined areDefinitions of breccia, breccia
pipes, hydrothermal breccia, collapse breccia, fault breccia, pseudobreccia or dyedd@, and
sedimentary breccias and conglomerate

Definitions of porphyry and greisen

Porphyrydescribes any igneous rock where conspicuous phenocrysts (larger crystals) are set irja finer
grained to glassy matrix or groundmaB®rphyry names are commonly modified to describe promigent
phenocrysts, for example, quartz porphyry, feldspar porphyry and agdieldsparbiotite porphyry.Som

porphyritic rocks explode into breccias and exude hydrothermal fhhialslead toore mineralization an

Ff GSNIGA2Yyd ¢KSAS KE@RNRdza>X WgSGQ 2N WLINRRAzOJU A @S Q
porphyries. Pyrometasomatic deposits with skamineral assemblages can be spatially relateq to
porphyry depositswhere carbonate rocks occur peripherally to porphyry deposits.

Greisenconsists essentially of quartz and muscovite without feldspar or biotite and resembles lassic
phyllic alteration facies. Whergreisen isgenerated by Sor Atype granites, commonly associatgd
minerals are fluorite, tourmaline, topaz, cassiterite and wolframite. Greis@ely found within cupola
of stocks, forms massive bodies by alteypre-existing granitic rock and/or bthe consolidation of
hydrous, terminal differentiation granitic phase in cupolas. Greisen veins cut rocks in granitic cupqlas and
extend into adjacentountry-rock Metal zoning and silicate zoning are common in both veins and mgssive
bodies.

Definition of pre- syn or postmineral and intermineral

Pre- syn or postmineral refers to the timing of intrusion o$tocks dykes and breccias. Symineral
implies a genetic link to ore mineralization. The classification is kdjpeaecognition of the mo
significant events related tore deposit formation

Intermineralis the same as symineralaboutintrusions ofstocks dykes and brecciadt can also be us
to describe fracturing that occurs synchronously with mineralization. Thus, intermeedagdyrmineral
are bothused to define key intrusive eventslated to ore deposit formation
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Definitions of alteration, hydrothermal, hypogenere shell, pyrite hal@and supergene

Alteration means achange in mineralogy (sulfides, silicates, carbonates, etc.), fractuang/or
hornfelsing Mapping all these featuregs key to locating likely ore zones withiporphyry deposits
Hydrothermalis derived fromhydro= water andhermal = heat; therefore hydrothermalsimply mean
hot water. Heat transfer and transfer of dissolved components causing mineralization and alterat
major features of dydrothermalsystem

DN are

Hypogeneis derived fromhypo = under andgene = origin; therefore hypogene= origin from belo
Hypogene mineralization is primary mineralizatimnmed at depthbefore modification by superge
processes.

Ore shellis a toroidal zone of economically valuable mineralization (high grades mainly of copper
molybdenum) surrounithg the barren core of a porphyry deposit. It generally spans the cont
depositcentral potassic alteration marked by secondarjeldspar and biotite (phlogopite) with t
outwardly adjacent phyllic alteration dominated by quartz and muscovite (sericliee ore shell

however, these anomalies are less intetisan those related to the pyrite halo.

Pyrite halois a toroidal zone outside of the ore shell in porphyry deposits. It occurs in the outer
the phyllic alteratiorzone, ands marked by abundaruartz, muscovite (sericitepyrite andhigh pyrit
to chalcopyrite ratios Grade of copper is usually too lowle economically valuable. The pyrite hal
often detected by high chargeability anomalies in induced polarization (IP) geophysical survey
high chargeability anomalies commonly are drilled before the lessor anomalies associated with
shelt 6 A 0K RA&AO2dzNI 3Ay3I NBadzZ Gaod ''a + NBadz (=
LENAGSQ adz2NBSe o

e

nd/or
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Supergenas derived fromsuper= above andjene= origin; thereforesupergene= origin from above,

superimposed secondary mineralizatifimmed relatively near the surface as opposed to deep hypogene

processesThus, supergene alteration is related to surface conditions (e.g., temperature anarajmgl
mineralogy, permeabilityandfluctuations in thewater-table that definesa boundary between overlyi
oxidizing and underlying reducing conditior®ubdivisions ofupergenealteration zones in porphy
deposits, working downwards, are ®eathered (referring to surface changes), lbppping and c
supergene enrichmenfcommonly divisible into an overlyingupergene oxideand an underlying
supergene sulfide

Definitions of porphyry deposit, greisen porphyry deposit and gold porphyry deposit

Porphyry deposits ardarge (>20 milliontonnes), lowgrade deposits of coppesnd/or molybdenum
tungsten and tin, and gold and silver, which, as the name suggests, are commonly associal
porphyritic rocks A rusty surface thumbprirypicallymarks these depositsTheprimary mineralizatio
source is hydrothermal fluids exsolved from intrusive plutons. Systematic zoning of silicate, sul

d with

e and

carbonate alteration minerals and their mode or habit of occurrence commonly provide vectors fo the
location of orebodies. Some tungsi;tintmolybdenuntsilver/gold greisen deposits are large enouglj to

be included in the porphyry deposit category. Values from gold (generallyg&D.&nd silver can b,
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important asby-products in sulfide concentratedHowever, some deposits that contain only gold gnd
silver can also be included as porphyry depositsphyrydepositscanrepresent deep underlying sour
for epithermal deposits that might includgarlintype deposits. Porphyry deposits agquidimensionain
plan viewand extend to variable depthghey are commonly mined by opeit methods to depths
about 400m. Underground bulk mining lEecoming increasingly common asar-surface resources a
mined out.

Greisen porphyry depos#t(Elliott et al., 1995; cf. Sinclair, 1996) are bodies of guadscovitephyllic
alteration or greisen that are more than 2fillion tonnes in sizeGreisen porphyry deposits commongly
havevarying amounts of topaz, lepidolite, tourmalirfjorite, and beryl. Economic potential is maif
tin as cassiterite and/or lesser stannite, tungsten as wolframite and/or lesser scheelite and molylgdenum
as molybdenite; silver and gold can be associated. Greisans near upper contacts of cupolas to hig
evolved, raremetalcenriched plutonic rocks commonly of the S or A types (see iGx@gin of § A and
I-type granitic rocKpresulting in lithophile signatures in which uranium, thorium, rare earth elementg and
phosphates can be significant. Vein and disseminated mineralization in greisen has complex gpherical
zoning that varies vertically and horizontally, with the most ecoimally significant mineralizati
located in core zones.

Gold porphyry deposg are bulk gold and silver deposits greater tham2iliontonnes in size. Gold arjd
silver occur in calcalkaline granitic plutons and surrounding sediments associated with alterationgtypical
of porphyry deposits (quartz veins with highly saline fluid isicls, potassic and phyllic alteration, etg.).
They mightunderly and fornmCarlintype goldsilver deposits in carbonatshaleterrane.

Definitions of breccia, breccia pipes, hydrothermal breccia, collapse breccia, fault breccia,
pseudobreccia or crackle breccia, and sedimentary breccias and conglomerate

Brecciain the porphyry deposit environment (aside from sedimentary breccia, babaoarsejraine
clastic rock composed obtated and/or inflated clasts or fragments that are typicaipgular of rounde

held together by a relatively fingrained matrix (cf. Sawkins and Sillitoe, 1985). Breccia can be rfamed
after the matrix composition, for exampleurmalinite breccia(tourmaline-quartz matrix) ormagnetite,
breccia (magnetiteapatite matrix). Alternative qualifiers refer to process of formation, sucl§ as
hydrothermal brecciéormed by rupturing due to hydrothermal explosioad|lapse brecciérom stopin
triggered by the corrosive action of hydrothermal fluids or by magma withdrawsjmatic brecci
(formed by rupture related tdhe intrusion of a magma melt or crystal mush with variable hydgous
component) orfault breccia (fragmentation results from frictional breaking and/or rock bursting in
dilatant fractures) Detaileddescriptions of breccia clasts and breccia matrix esgential especially
either or both are mineralized/altered. Maximum fragment size, modal fragment siz®penl(matrix-
supported) orclosed(fragmentsupported) framework, can belated emplacemengenergy As a rule
thumb, if the percentage of fragments on a planar surface is less than 50%, the breccia @pékebr
matrix supported. Breccia and porphyry commonly are genetically related.

Breccia pipesalso referred to as diatremes or chimneys, are masses of breccia with an irregular cylindrical
shape that intrude and crosscut earlier rocks. Diatremeubrée 1891) meansthrough the hol€xand

implies emplacement by a drilling process thaed the explosive energy of gabarged magmas (df.
Bryant, 1968andBryner, 1968). Most breccia pipes are formedbgxplosive mechanism accompangd

by gasfluxing and fluidization (Reynolds, 1954; Richard and Courtright, 1958; Carr, 1960), rock ursting,
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stope cave filling (Locke 1926; Gates, 1959; Perry, 1961; Norton and Cathles, 1973) and roynding of
fragments by attritionrdue to movement during emplacement (Clark, 1990). Shatter cleavage is anjindex
fossil for breccia because it occurs close to, or adjacent to, some breccias (seS&tosedn index fosgl
shatter cleavagend Godwin, 1973, 1975 and 1976).

Hydrothermal brecciais formed by rupturing due to hydrothermal explosion and subseqpent
emplacement (cf. Burnham, 1985).

Collapse breccig formed by volume reduction by processes such as magma withdrawal (cf. Perryj1961),
and dissolution by hydrothermaklated processes.

Fault breccias formed by rupture due to faulting. Fragmentatiopignarilya result of frictional breaki
and/or rock bursting into dilatant zones.

Pseudobreccia or cracklerecciaare commonly used terms but should be avoided. Pseudobrecdia or
crackle breccia describes a rock with a fragmental appearance due to alteration and/or veini
around closely spaced fractureslowever,there isno fragment rotation or fragment inflatioty the
intrusion of a matrixBetter names¥ 2 NJ WLJA SdzR2 6 NBEOOA I Q althidd¥raddie 20
2NJ WIHEfGSNBR FNI OGdzNB 1 2y Fr&ymeotSddtiarand fragnfed diliis
(inflation) by an intruded matrix, is essential to the definition of a breccia.

Sedimentary breccias and conglomeratare distinct from, but sometimes confused with, hydrotherfpal
breccias of specific interest in porphyry and epithermal depoditsese two types can often
distinguished by careful examination of the matind fragments; specifically, mineralized/altered magrix
or fragments indicates a hydrothermal origsee inserSory on conglomerate versus breccia at Cagno,
central Yukon, Canagla

Late or endstage magmatic differentiation often can berelated to economic mineralization and
alteration of porphyry deposits. 2 6 Sy Qa omppc 0 NBFOGA2Y ASNASaA LINR DA
minerals (e.g., #eldspar and biotite) and sodic minerals (e.g., albite) form late. In addition to the
framework provided & . 2 ¢ Sy Q ariesNdobkt Minerads yh grarfitic rocks are anhydrous, poor in
metals and do not entrain atoms of odd size or charge. Liatggmatic dfferentiatestend to become

more hydrous and increasingly enriched in potassium, sodium, fluorine, chlorine, metals (e.g., copper and
molybdenum, and sometimes iron) arsdme elements of odd size or charge (e.g., boron, sulfur and
phosphorous). Thus, ergtage phases form immiscible and hydrous tourmalingitcg@,boron, fluorine

and metals) and magnetit@patite (iron, phosphoroudluorine and metals) magmas. The fluids are also
exsolved from the magma to become hydrothermal mineralizers, resulting in the deposition sfaven
disseminations of sulfide and oxide mineralization (e.g., chalcopyrite, bornite, pyrite, magnetite,
cassiterite, wolframiteand molybdenite) associated with porphyry deposits.

Be sure you know from this section the

(@

definitions for main deposit features

(@

general characteristics of size and grade

)

commonhost rockassociationsand

)

specifics about breccias.
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BASIC TYPES AND OVERVIEW PHOTOS

In this section you will
C learnafundamentaltwofold division of porphyry depositsand
C seeoverview photos fordifferent porphyry deposits.
Porphyry deposits can generally be related to two types of intrusive rocks. Those that are:

1. Hosted mainly within genetically related batholiths that are either a) qulbeiring,
calcalkaline, or b) quargoor, alkaline and/or dioritic.

2. Hosted inor related mainly tograniticdykes and/or to apices and cupolas gfanitic stock.

3. Some porphyry depositrehosted in volcaniand/or sedimentary rocks, but these generally
are spatially related to the intrusiveategories above.

Sutherland Brown (1976a) divided porphyry deposits in British Columbia, Canada, into three types:
plutonic, phallic,and volcanic. The plutonic type is equivalent to the gradititholith type described

here. Thephallic typeis the same as the granitilykeor stock and cupola type. The volcanic type describes
graniticdyke or stockcupola type deposits where the significant mineralization is within volcanic rocks
surrounding and/or underlain bgtykes, and/or stock and cupola.

Overview photosn Figuresdl to 5 provide an overview of the large size and appearance of porphyry
deposits of different types. These, as related to the general types above, are:

9 Figurel. Calcalkaline granitic stockCasino calcalkaline porphyry coppeolybdenurgold
depositin central Yukon, Canada,

1 Figure2. Quartzrich calcalkaline granitic batholitEndako molybdenum porphyry miimecentral
British Columbia, Canada

9 Figure3. Quartzpoor alkaline and dioritic batholithCopper Mountain alkalindiorite copper
gold porphyry deposit mingear Princeton, soutitentral British Columbia, Canada

9 Figured. Calcalkaline granitic cupol@on Luis tungstesilver greisesporphyry prospectn
Sonora, Mexico, and

9 Figureb. Calcalkaline granitic stocksa Colorada goldorphyry mingn Sonora, Mexico.

Thesephotosshow the large, potentially huge, size and overall appearance of porphyry deposits. Many
of these porphyry deposits are, or originally were, characterized at surface by extensivéimastific
thumbprints (e.g., Casino in Figukend Don Luis in Figud.

The porphyry deposits, above and as mentioned in the text that follows, are located by détitnde
and-longitude in AppendiB. Satellite imagery for these deposits are readily accessible in EarthExplorer,
a United States Geological Survey websitbthis://earthexplorer.usgs.gav



https://earthexplorer.usgs.gov/
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Figure 1. Looking north to Patton Hill at the Casino calcalkalirmppergold-molybdenum porphyr
deposit in central Yukon, Canada.

The deposit is related to a calcalkalic stock. 1971 photo, looking northwest, showstshémonitg
thumbprint and largesizecommonto porphyry deposi
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Figure 2. Aerial view of the Endako porphyry molybdenum mine in central Briti
Columbia, Canada

The deposit is hosted within a quartzh calcalkaline batholith. The overall length of the
is about four kilometres2010 photo, looking southeast, is courtesy of Centera Gold
Vancouver, BC, Canada.

25
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Figure 3. Aerial view of the Copper Mountain alkaline porphyry coppgold mine in southcentral British
Columbia, Canada

The deposit is hosted within a quagaor alkaline and dioritic batholith. Photo, takerRil8, looks southea
along the axis of pits 1 and 3 merged with pit 2 on the left. Overall, the pits in the picture span abiout
2015 photo courtesy of Peter Holbek, Vice President Exploration, Copper Mountain Mining Cor|
Vancouver, BC, Cafe
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Figure 4. Don Luis tungstersilver greiserporphyry prospect in Sonora, Mexico
The greisen represents cupolas related to underlying stocks. 2010 poto ILooking northwest to a

within a limoniterich area characterized by greisen aatiundant brain rock with unidirection
solidification texture.
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Figure 5. The Creston pit at the La Colorada gesilver porphyry mine in Sonora, Mexico
This pit, photographed in 2006 and looking east, is centred on a calcalkaline stock. The bottom ¢

in and immediately surrounding the water, is a granodiorite stock. The walls of the pit are carborn
sandstone/quartzite. A major eastest faut passes through the enckntre of the picture, marked by
colour change. Golsdilver occurs in a) veins in the stock, b) veins in the easterly trending fault, and
and disseminations in the carbonaceous sandstone/quartzite.

Be sure you understand from this section that porphyry deposits

(@]

can be subdivided into two major categories those a) hosted mainly within genetically related
batholiths and b) hosted in or spatially related to granititykes and/or to apices and cupolas of
granitic stocks

)

arelarge and commonly mined by opepit methods, and

)

are often initially marked by a prominentusty-limonitic thumbprint.
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HABITS OF MINERALIZATION AND ALTERATION

In this section you will

C review the habis of alteration that are commonlyrelated to veins and breccias

([@%

learn the characteristics, and significance, of quartz blobs and unidirectional solidification
texture in brain rock

)

understandthe characteristics and origin of gusano hakéind

([@%

learn about describing multiple alteration events.

Common Alteration Habits in Porphyry Deposits

The Hhabit of alteration is generally equivalent to texture mtescribinghow alteration occurs; however,
some habits can embrace variable textures. Because of this, thehtabiis amore explicitterm than
texture. The habits most relevant to porphyry deposits are reviewed in the Booghyry and Epithermal
Deposits: Mineralization, Alteration and Logg(@pdwin, 2@0). Descriptions are repeated helmut often
in more detail These habitscharacterze porphyry deposit mineralizatignso field identification is
important.

The most common habits(veins, selvedge, envelopes, pervasive and disseminations) mineral

alteration in porphyry deposits are illustrated Figure6. Veins are fracture fillings. Mineralizatitmat

occursat the wallrockmargin of the veinbut is part of the veinis called aselvedge Alteredwallrock

outside of the vein is called an envelope; successive envelopes can occur. Broadlyadteroadkis said

to be pervasively altered. Disseminated mineralization occurs as discrete, scattered graites;
disseminations are gypicalexample. Disseminations can occur within veins, in envelopes and pervasive
alteration. In the literature there are different interpretations and namdsr some of these habits of

occurrence Specifically, it is not always clear thagedvedgeis part of the vein as defined here, and an

Sy@St 21 Aa 0O2vyyvyzyfte OFrfttSR | WKIf2QY 6KAOK Aad Yy
planar.

Habits of alterationcommon in porphyry deposits are summarized ABLE2, which is keyed to Figurés
to 16. A complete listing of habits with their threapitalizedletter codes for describing them may be
found in Godwin (20Q).
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Vein wall = walls
dilatant fracture/

Example:
V=vein=QZ>PY >CP > MO > KF > Bl (PH)
D = disseminated = PY > CP >> MO

S = selvage = MO

E =envelope =QZ=MS > PY >CP

P = pervasive = KA >> PY > CP (QZ original)

Figure 6. Spatialrelationships among vein, selvedge, envelope, pervasive and disseminated hz

alteration.
Veins V) are fracture fillings. Ae selvedge 9 is part of the vein buat the rockfracture wall The

envelope(E) and pervasivéiabits @) are alteredhost rock Disseminations, of course, can also o
within veins envelopesand selvedges. Other abbreviations aBe= biotite (or phlogopite PH, CP=
chalcopyrite KA = kaolinite, KF= K-feldspar(orthoclase) MO = molybdenite MS = muscovitésericite
PY= pyrite andQZ= quartz,> = greater thanand >>= much greater thanThe figure is from Godnf

(2020).
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TABLE 2. Habit of alteration.

Habit of
alteration/
code/figure(s)

Description of habit

Breccia

Breccia is a rock composed of breccia clasts that are broken
fragments of rock or minerals that are cemented together by a
breccia matrix that is markedly finer grained than the clasts.
Breccia clast rotation and/or inflation is essential to the definition of
a breccia.

Breccia clasts
BRC
Figure 7

Breccia clasts can be a) fresh rock, b) variably altered and
mineralized during breccia formation, or c) previously altered
and/or mineralized (e.g., quartz vein clasts or sulfide-mineralized
breccia fragments). Fragment supported or closed describes
breccia with a framework of touching fragments. This contrasts with
matrix-supported or open, which describes breccia where the
fragments do not form a touching framework. See insert Definition
of breccia.

Breccia matrix
BRM
Figure 7

Breccia matrix consists of markedly finer grains than the
fragments. Itis variously altered and mineralized before, during and
after breccia formation. Mineralization is often concentrated at
fragment margins where wedge-shaped spaces open due to
fragment rotation. Breccia matrix can display bedding formed by
sorting from the passage of the hydrothermal fluids and gasses that
accompanied the brecciation.

Disseminated
DISor D
Figures 6 and 8

Disseminated refers to discrete and scattered secondary mineral
grains dispersed throughout a rock or vein. Disseminated pyrite is
common. Limonite boxwork shapes can sometimes identify the
mineralogy of prior sulfides.

Envelope

ENV or E
Figures 6, 9 and
10

Envelope is the planar zone of altered wallrock flanking and
outside a causative vein (cf. selvedge, which is part of the vein);
several envelopes can exist beyond a vein. Border contacts of
envelopes are usually sharp. Original textures and minerals
within the envelope generally are destroyedd the term dalodis
not appropriate because haloes are round.

Flooded
FLD
Figure 11

Flooded alteration occurs where a mineral (such as albite or
quartz) or minerals (such as quartzi K-feldspar) extensively swamp
original minerals and textures. It differs from pervasive alteration
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because the flooding alteration mineral(s) represents a massive
material addition.

Gusano
GUS
Figure 12

Gusano (worm in Spanish; also called ovoidal and mottled texture
[Noble et al., 2010]) habit consists of ovoid and irregularly mottled
or patchy, worm-like bodies several millimetres to about three
centimetres in diameter. This habit in epithermal deposits indicates
a shallowly underlying porphyry deposit. See insert Origin of
gusano habit.

Pervasive
PER or P
Figures 6 and
38

Pervasive alteration refers to wallrock beyond veins and
envelopes that is altered throughout (versus disseminated, which
describes discrete grains) by diffusion of hydrothermal fluids from
veins. Pervasive alteration sometimes refers to alteration resulting
from merging abundant envelope alteration to a uniform-looking
altered rock. Flooded is a more appropriate description where
there is a significant addition of alteration components.

Porphyritic Porphyritic describes an igneous rock with conspicuously larger
POR crystals (phenocrysts) set in a finer grained to glassy matrix or
Figure 13 groundmass. See also the insert Definition of porphyry.

Selvedge Selvedge is the zone within but at the wallrock margin of the vein.
SEL or S There is no universal acceptance of this definition; however,

Figures 6 and
14

adoption as proposed here can be of exploration significance (e.g.,
a selvedge could aid beneficiation, as in the case where
molybdenite occurs in a selvedge might be beneficiated by simple
crushing and screening).

Unidirectional
solidification
texture

UST

Figures 17 and
18

Unidirectional solidification texture is a habit (Shannon et al.,
1982) that defines brain rock. It is also known as @renulate quartz
layersd(White et al., 1981) and @omb-quartz layersé(Kirkham and
Sinclair, 1988; Sinclair, 2007). Multiple and contorted quartz bands
exhibit quartz teeth that point in the same direction, either away
from or toward the intrusive core (i.e., toward the causative
intrusive core or the outer country-rock). The quartz bands are
separated by aplite, greisen, or rarely, tourmalinite. This habit
indicates hydrous late- or end-stage magmatic formation and a
continuous supply of magmatic-hydrothermal fluid from subjacent
magma (Sinclair, 2007). Some world-class porphyry deposits (e.g.,
Climax and Henderson molybdenum porphyry deposits in
Colorado, United States, and Oyu Tolgoi copper-gold porphyry
deposit in the south Gobi Desert of Mongolia) are associated with
UST in brain rock. For this reason alone, it demands attention as
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an index fossil for major porphyry deposits. See also the insert
Explanations of UST textures in brain rock.

Quartz blobs
(quartzolite or
silexite) and
associated
quartz breccia
QZOT, SILX,
BRQZ

Figure 19

Quartz blobs (quartzolite or silexite) and quartz breccia can be
100 m or more across. They can be associated with UST in brain
rock, and they resemble, and may be related to, massive, quartz-
dominant pegmatite bodies. These massive quartz blobs are
associated with some major porphyry deposits (e.g., the Ok Tedi
mine in Papua New Guinea and the Mineral Park mine in Arizona,
United States).

Vein,
macrovein and
microvein

VEN or V, VMA
and VMC
Figures 6, 9 and
10

Vein, macrovein and microvein in porphyry deposits should be
viewed as fracture fillings. Descriptions can vary. For example,
veins can have parallel or unequal sides and/or be vuggy,
ribboned, symmetrically zoned and brecciated. Crosscutting
relationships, symmetrical zoning and variations in mineralogy can
define the relative timing of mineralizing episodes. Size differences
between macroveins, veins and microveins are commonly defined:
macrovein = greater than 10 cm; vein = 1 mm to 10 cm; and
microvein = less than 1 mm. All veins Detailed studies of veins
within porphyry deposits commonly subdivide them into a, b, ¢ and
d types following Gustafason and Hunt (1975). Microscopic fluid
inclusion studies can divide them into I, Il, 1ll and IV types (Nash,
1976).

Veins, sheeted
VSH

Figures 9 and
15

Veins, sheeted, describes numerous, densely spaced subparallel
veins.

Vein Vein stockwork describes abundant, crisscrossing veins over a
stockwork large area. The density of the veins is too great to define them
VSK individually easily.

Figure 16

Weathering Weathering describes how soil and rocks are changed by surficial
WET agents, causing mechanical and chemical changes and/or

Figures 10 and
15

disintegration.
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BrecciaBrecciaClasts and Breccia Matrix Habit

Essentiacharacteristics of breccigbreccia clasts and breccia mattxe shown inTABLE2 andFigure?.
(See also inserbefinitionsof porphyry, breccigbreccia pipeand greiser)

Brecciais a rock composed direccia clastghat are broken fragments of rock or minerals that are
cemented together by Areccia matrixthat is markedly finegrained than the clasts. Tlewmposition of
the breccia matrixcan belike, or different from the composition of the breccia clastBreccia clast
rotation and/or inflation is essential to the definitiaf a breccia

Brecciaclastscan be fresh rock, variably altered and mineralidedng brecciaformation, or previously
altered and/or mineralizede.g.,quartz veinclastsor sulfide-mineralized breccia fragmentdMineralized
vein or breccia fragmentsr clastswithin a breccia indicate multiple mineralizing/brecciatiepisodes
multiple mineralizing episodesignalmultiple opportunities forsignificant ore mineralizatiorkragment
supportedor closeddescribes brecciaih a framework of touching fragmentMlatrix-supportedor open
describes breccia where the fragments do not form a touching framework. In gemeagiix-supported
breccia indicates a higher energy of emplacement tiragmentsupportedbreccia.A sliced surface of
fragmentsupportedbreccia wil have about 50% matrix that might appear to iatrix-supportedon a
cut surfaceifnagineslicing a bow! of packed marbles). See inBefinition of breccia

Brecciamatrix consists of markedly finer grains €&n be rock floyrthan the fragments. It igariously
altered and mineralizebdefore, during and after breccia formatioMineralization is often concentrated

at fragment margins where wedgshaped spaces open due to fragment rotatidius, wedgeshaped
sulfide- or limonite-rich wedgesare often keyindicairs ofbreccig thesetend to be moreabundant at

the margins of breccia bodieBreccia matrix can display bedding formed by sorting from the passage of
the hydrothermal fluids and gasses that accompanied the breccidiedding in breccia can also indicate
the surface infill of craters formed by breccia intrusion.

Disseminated Habit

Disseminated habit (Figuress and 8) describes the scattered occurrence of a discrete mineral (or
minerals) in a rock. Well known to all geologists is the common occurrence of disseminated pyrite8 Figure
shows two examples of supergeatiered, disseminated sulfide mindrgrains altered to limonite. The
specimen in FigurBa is also characterized Bhatter cleavagewhich is a significant marker for breccia
bodies in porphyryeposits (see the section direccia; Figure20, 21and 2; TABLE5, and ins&t Sory
aboutshatter cleavagean index fossl
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Figure 8. Disseminated hahit
Specimens are from the Casino deposit (Godwin, 1975; Bower et al., 1995), central Yukon, G

Disseminated limonite (brown spots) after sulfide in granitic rock stittiter cleavage (the disc igvim
in diameter). b) Thin section showing disseminated limonite (jarosite) boxwork. The pyritohedral |
shape identifies the original mineral as pyrite. The specimen is from a pyrite halo in phyllic al
(originally quartzsericite, and pyrite). Limonite grain in the centre of the thin sectioms2in diameter,

Envelope Habit

Envdope habitdescribes the zone of alteraslallrockflanking and outside a vein (Figugs9 and 10).
Successive envelopes can exist but are not common. Original textures and mineralgadnrtrg-rock

KIS 2FGSy 6SSy RSaiGNRBeSRd® ¢KS (GSN¥Y WKIf2Q Aa yz2i
Note thatselvedgeas defined here, refers to vein mineralization atwedlrockcontact. Some definitions
equateselvedgawith envelope, negahgthe opportunity to uniquely describe botelvedgs (within and

at vein margins) and envelopdoutsidebut adjacent to veins).

Flooded Habit

Flooded habitdescribes rock that has been inundated with an alteration mineral such as quartz, K
feldspar,albite, or carbonate (Figur&l). The flooding commonly results from coalescence of envelopes
developed around veins and microveins. The resulting product can look like massive rock.



b)

Figure 9. Drill core illustrating envelope habit
Specimens about @m in diameter argrom the Inguaran porphyry prospeciMichoacan

Mexica a) Veins of chalcopyritgreater thanquartz with distinct sericitguartz envelopes. |
Even where chalcopyriguartz veins are not apparent, envelopes of quagdcite flanking
microveins/fractures are apparent. Splitting the rock along the microveins/fractures r
traces of quartz ad chalcopyrite on the fracture faces. Note that in a) and b), the sericite
green but is not chlorite. The parallel veins with envelopes additionally can be descH
sheeted veins (see Figurg).
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Figure 10. Veins ancenvelopes, locally with malachite from weathering
Photos are from the Inguaran porphyry prospect in Michoacan, Mexico. a) Quartz vein with a

sericite envelope and secondary malachite from weathering, reflecting the copper sulfide within
b) Quartz veins with more bornite than chalcopy@ied envelopes of more muscovite than qu
representing phyllic alteration (note that the envelope width almost exceeds that drithecore
envelope width would be evident in longer sectiondriifcore.

Index FossBusano Habit

Gusanchabit (also called ovoidal and mottled textufoble et al., 2010]) consists of worinA { S o W3 dza I y
is aworm in Spanish), ovoid and irregularly mottled or patchy bodies. Generally, several millimetres to

about three centimetres in diameter (Figut@), they are up to 20m in maximum dimension. Gusano

bodies are usually composed of intermixed pyrophyllite andiéé in a finegrained quartz or chalcedony

matrix. Boundaries of gusartextured bodies are sharp against a matrix of lithocap rock iegitmermal

environment. Gusano bodies imply the likely presence of an underlying porphyry deposit (i.e., in the order

of 300m to 500m) that is enhanced by the presence of coppearing minerals (e.g., covellite). A
theoretical origin of gusano habit is described in the ing@rigin of gusano hahitGusano habit in

epithermal lithocaps is aimdex fossifor potential porphyry deposits at depth.

Origin of gusano habit: a theory
Gusano habiforms from immiscible, fluidand vapousrich and silicaiich blebgNoble et al., 2010). Thege

blebs, deformed to variable ovoid shapes, are of magmatic origin and are derived from the outgagsing of
underlying magmas with porphyry deposit potential. The magmatic origin of the blebs is supportedpy the
associated pyrophyte that forms at magmatic temperatures.
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Figure 11. Flooded habit.
Flooded white albitic alteration in a) and b) is from thjaxalkaline porphyry deposit southcentral

British Columbia, Canad&he albitic alteration coalesces from envelopes around sdildeng vein
and microveins to form flooded, massive, white rock. K. Ross took photos in 1991 (Ross &) al.,

Porphyritic Habit

Porphyritic habitdescribes porphyries with conspicuous phenocrysts (larger crystals) set in gréimerd

to glassy matrix or groundmass (Figdf. Timing of intrusion for these rocks as stocks and dykes is
essential and leads to presyn or postore mineralization classification. Some porphyritic rocks explode
into breccia. They can also exude hydrothermal fluids leading to ore mineralizatibalteration.

'Productive porphyriescan be identified by a) the abundance of hydrous, mineral phases (e.g., biotite is
more hydrous than hornblende), b) the degree to which mineral components are late differentiates (e.qg.,
abundant Kfeldspar,albite, and biotite), and c) the presence of sulfides or other valuable minerals not
typically found in igneous rocks. 'Productive porphyries' positively correlate with hydrothermal alteration
(including ore minerals) and breccia formation. A common statemethiais'wet porphyries' are more
importantt especially if oramineral bearing than 'dry porphyries' in the genesis of porphyry deposits.



40

Figure 12. Gusano habit an index fossil for potential porphyry deposits at depth
Gusano habit is also known as ovoid and mottled textGnidsconsist mainlyof pyrophyllite and

alunite. Gusano habiin a highsulfidation epithermal environmeris an index fossilfor potential
underlying porphyry deposits. Scaleshe photos are (a) agnetscribet (b and c).JNB & LIS O 2
d) ovoid in the centre is@n across. John Bradford took the photos in 2015 aftilla epitherma
porphyryprospect, nathwesternBritish Columbia, Canada.
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Figure1 3. Exampl es of synore podphycyf
a and b)are Patton porphyry from the Casino deposit, cen

Yukon, Canadalisk is 0.m in diameterGodwin, 1975; Bow§
et al.,, 1995). a) Is unstained porphyry illustrating promif
plagioclase and biotite phenocrysts. b) Shows the-diaéned
matrix has abundant 4Heldspar (stained vyellow wi
cobaltinitrite after hydrofluoric acid etching). The aband
biotite and Kfeldspar support the interpretation that the Patt
porphyry is a hydrous or 'wetr ‘Productivelsynore porphyry
responsible for eleast some mineralization at Casino. c) Is f
of unknown origin is potentially Y¢S0 Q 2 NJ -6¥d]
porphyry because of the abundant dark biotite and fin
disseminated sulfide (emphasized by the limonite weatherin

SlvedgeHabit

Selvedgeis the zone at the wallrock margin of the vein but within the vein (Figeraad 14).
Although not universally defined this wayadoption as defined herecan be of exploration
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significance. For example, molybdenite selvedge eahance beneficiation by simple, relatively
cheap screening

Figure 14. Selvedge of quartz in contact with the wallrock, but within and the outer part o
vein.
Selvedge of quartz is in contact with the wallrock but is the outside part oktheThe examp

is from Goldfield, southentral Nevada, United States.
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Sheeted Vein Habit

Sheeted veingare multiple, subparallel veins (Figu®@sand 15). Within a deposit, they can occur locally,
or they can characterize the overall veining habit.

Figure 15. Outcrop illustrating sheeted veins
Sheeted quartzhalcopyrite veins (locally weathered to malachite) with muscayigetz (phyllic

envelopesre from the Inguaran porphyry prospect, central Michoacan, Mexico (see also g)gure

Stockwork Vein Habit

Sockwork vein habitdescribes large numbers of densely crisscrossing veins over a large areaX6jgure
The veins are too numerous to describe individuakgily Quartzvein stockwork and carbonatesin
stockwork is common.
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Figure 16. Stockwork quartz veins.
Stockwork is characterized by crisscrossing quartz \&iS8sockwork quartz veins in wallrock adjag

to, but outside of, the Braden Pipe at El Teniente, central @higtockwork quartz veins from t
Caballo Blanco porphyry prospect, Veracruz, Mexico.

Index Fossi Unidirectional Solidification Texture (UST) or Habit in Brain Rock, Quartz Blobs and
Quartz Breccias

Unidirectional solidification texture (UST; Shannon et al.,, 1982; Kirwin, 2005) describes multiple
contorted quartz layers in 'brain rock' (Figutes and 18) that forms in the apices or cupolas of highly
differentiated and hydrous plutons. The teeth in each quartz layer points in the same direction. The
texture is also known as ‘crenulate quartz layers' (White et al., 1981) or ‘cpmitiz layers' (Kkham and
Sinclair, 1988; Sinclair, 2007). Debatable origins of this texture are elaborated on in théxgaming

UST banding in brain rock

The quartz teeth point inwardoward the core of the associated hydrous intrusiaocording to Kirkham

and Sinclair (1988) and Sinclair (200¥)wever, Figurd8 indicates that the teeth are pointing outward
away from the core. Determining the direction is complicated by the complex convolutions of the UST
quartz layers.

Aplite is most common between the quartz layeirs brain rock. However, greisen (dominantly muscovite
and quartz [Figure$7 and 18]), not previously noted in geological literature, occurs between the layers
at the Don Luis greisgorospect in Sonora, Mexico. Tourmalinite between the quartz bands has been
noted by Kirwin (2005).

UST in brain rock is commonly associateith molybdenum porphyry deposits. Other localities include

the Glacier Gulch molybdenum deposit in British Columbia, Canada; the Logtung tungsten molybdenum
porphyry deposit in soutitcentral Yukon, Canada, and the Don Luis greiephyry prospect in agral
Sonora, Mexico.

Brain rock is a potential index fossil for major porphyry depodiscause it occurs in several wodthss
porphyry deposits. For example, brain rock occurs at the Climax and Henderson molybdenum porphyry



45

deposits in Colorado, United States, and the Oyu Tolgoi ceggdrporphyry deposit in the south Gobi
Desert of Mongolia. The occurrence of this habit demands attention, if only because someciasdd
deposits are known to have these features.

Figure 17. Unidirectional solidification banding in brain rock (index fossil)
Greisen in these photoseparatesthe quartz layers and is locally weathered to b

pyrolusite because the muscovite is rich in manganese. a) Sypiwal brain-like multiplg
layering resulting in the name 'brain rock'. a) and b) emphasize the consistent p
direction of the quartz teeth up in both photos. The large quartz tooth in the centre
photo b) is m long, in c) it is &m long. The draping of the layers around the central q{
tooth in b) and c) cannot haveeen formedy structural deformation, as suggested onee
literature. Photos are of specimens from the Don Luis greisen prospect in Sonora, M¢

Story about brain rock with unidirectional solidification texture.

Brain rock with universal solidification texture was identified some time ago at the Climax and Henjlerson
molybdenum mines (White et al., 1981) in Colorado, United States. The company geologists at ttat time
thought that brain rock with this texture wascaitical, positive feature for oreliscovery. Consequently,
believing it to be a major marker for mine discovery, they searched energetizably, and secretly fo

other deposits that hosted brain rock witmidirectional solidification textureThey clearly believed it t

be a significant ore guideanindex fossifor porphyry deposits.
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Figure 18. Brain rock with unidirectional solidification bands in contact with earlier, surroundi
feldsparquartz porphyry at the Don Luis greisgorospect in Sonora, Mexico.
Contact CON= red dashed line) of brain rock characterized by unidirectional solidification t

(BRANUSTwith the V in the quartztooth direction) with intruded feldspaguartz porphyry host rog
(PPFQ Teeth in brain rock point toward the contact, away from the greisen centre based on the 1,

mapping. Both layering in the brain rock and the parallel layers in the porphyry host rock rg
'diffusion bands', as in Liesegang rings.

Quartz blobs and associated quartz brecdigigurel9), although rare, have been noted at some
significant porphyry coppemolybdenum deposits (OK Tedi in Papua New Guinea [Bamford, 1972];
Mineral Park mine, Arizona, United States [Wilkinson et al., 1982]) and greisen porphyry deposits (Don
Luis, Sonora, BKkico [Figurel9]). At Don Luis, the quartz blobs are also associated with UST in brain rock.
The quartz blobs (quartzolite or silexite) resemble massive, qaartinant pegmatite bodies. These
massive qartz bodies (Figur&9) are associated with calcalkaline stocks, quartz breccia, greisen deposits

and some major porphyry deposits. Thus, brain rock, quartz breccia and quartz blobs are index fossils for
porphyry deposits.



a)s

Figure 19. a) Massive magmatic quartz blob and b) associated quartz breccia at Don Luis gF
porphyry prospect in Sonora, Mexico.
Quartz veccia and brain rock with unidirectional solidification texture occur at the maofihe quartz

blob.

Explaining UST banding in brain rock
The traditional interpretation for UST formatiois based on the albitgquartzorthoclase ternary diagral

of Tuttle and Bowen (described in Carmichael et al., 1974 and Kirwin, 2005; cf. White et al., 1981 and
Erdenebayar et al., 2014). Variations in water vapour pressure move the system back andforthef
cotectic (where aplite is precipitated) to the quartz field (where quartz only is precipitated). This sgheme
requires repeated back and forth pressure fluctuations from the quartz field to the exact point @f the
cotectic, which is postulated to hawbeen caused by periodic rupture of thvallrock Rare UST withi

aplite dykes at thereringtonporphyry deposit in Nevada are interpreted by Carter et al. (2021) as dje to
such rapid pressure changes causing the quartz to precipitate from fluids exsolved from an apatitgjcrystal
mush via 'first type' boiling (Candela, 1989). This interpretation doeaddress a) the cause @peated
pressure change, b) the consistent orientation quartz crystals in every layer and c) composifion of
intermediate layers that are not aplite (e.g., greisen and tourmalinite).

A brain rock contact with intruded feldspaquartz porphyryis shown in Figur&@8. Note that a) US|
guartz teeth point toward the contact, away from the greisen centre (in the direction of the red 'V')§ and
b) parallel layers in the feldspguartz porphyry look like ‘diffusion bands'. A possible interpretatiof is
that the quartz te¢h point in the flow direction of the hydrothermal fluid that forms them. This flow Will

be outward from crystallizing rock in the cupola, which, because the crystallizing rock is relgtively
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anhydrous, exudes hydrothermal solutions. Typically, this will be from the core of the cupola oujward,

but a cupola carapace solidifying inward might exude fluids inward.

Quartz crystals in unidirectional solidification layers might have formed by a diffusion mechanigmne
multiple layers formed could be analogous to the formatioiesegangings. Diffusion of a silieaater
hydrothermal fluid would result in the water component moving more rapidly than the silica compo
Lagging silica transport causes an increase in silica concentration. Upon supersaturation of silica,
preciptated Crystals continue to grow in the direction of fluid flow forming unidirectional quartz tsg
Because silica is being precipitated, the water passing the band is silica poor and quartz is not pre
immediately past the quartz crystal layer.thAs fluid continues to advance, the silica again builds up
guartz is precipitated. This matches the way Liesegang rings form as suggested by William Ostw

phent.
jjuartz is
eth.
ipitated
ntil

ald, and

summarized in the following quote from Nakouzi and Steinbock (2016):

"Specifically, the diffusion . . . increases the local ion concentrations beyond a threshold supersatiration
value. As a result, microcrystals begin to nucleate and grow, creating a distinct precipitation barjd that
eventually lowers the ion concentratioms its close vicinity. Accordingly, the precipitate does not gow
homogeneously throughout the reaction medium; instead, the diffusion of reactant ions crgates
supersaturation conditions at a farther location, leading to the formation of another predipitdtand
The precipitate then seffrganizes into characteristic Liesegang bands that are rich in crystal aggrg¢gates
and gaps which contain almost no crystals."

ish,
and

The fluid flow that makes the bandm brain rock is probably through a nonhomogeneous crystal m
resulting in different path lengths to supersaturation. The unique individual quartz crystalg
prominence of some (e.g., the larger todtke quartz crystals in Figur&gb and 17c) might be related tp
a) phase separation, where silica naturally breaks up into separate gobs that clump together becpuse of
different density from surrounding crystal mush, b) crystallization of silica gobs within a continuing flow
of diffusing fluids and c) 'post nucleation', where relatively larger crystals grow where there is more
permeability at the expense of the smaller crystals. A Lieselij@agnethod of origin of UST in brain rog
appears to explain adequately a) bands composed unjqufedjuartz, b) repeating, multiple quartz bang
c) common orientation of quarttooth crystals, d) locally enhanced growth of specific quartz teeth
non-structurally deformed braidike contortions, and f) variable compositions of layers between
guartz bands. If the hydrothermal fluids that form UST are-farels related economic mineralizati
might form.

Index FossiShatter Cleavageelated tdBreccia

Shatter cleavagealso described a¥# &4 KA Yy 3 f Sand¥aKISBHIAYAQ o0& {AfAG2S | yF
WAKSSGH FNIOGdzNAYy3IQ o6& ! 8 RC5ayd 2dseedaisavinsgi®ory énindek fosdidd G NI G S
shatter cleavagg Shatter cleavage has been identified at s@igmificantporphyry depositsincluding a)

Casino (Godwin, 1973 and 1975; Fig@asd 20) in central Yukon, Canada, b) El Teniente (Ridajen

central Chile, c) Sierra Gorda, in northern Claled d) Galore Creek (Figuzégb) in northern British

Columbia, Canada. These associaiwithsignificantporphyry deposits indicate that shatter cleavage is

an important habit simultaneously amdex fossifor breccia pipes and porphyry deposithe origin of

the closely spaced, generally shbrizontal or subvertical fracturesis controversial However, since

shatter cleavage islosely associated spatially with breccia piple author has postulated that shatter
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cleavageepresentanultiple extension fractures related tarisance (shattering capability) present during

the highly explosive emplacement of brecdi@odwin, 1973, 1975, 1976).

a) ) c)

Figure 20. Index fossil shatter cleavage from the Casino porphyry copged deposit in centrg
Yukon, Canada.
Closely spaced, parallel fractures are appanea) drill core (1/2 in = 1.3cm),b) detailed surface of dr

core (disk diameter isfam), and c) thin section(fracture spacing about 0.25m).

Story about shatter cleavage, an index fossil

| first encountered shatter cleavage at the Galore Creek alkaline porphyry copper deposit in nqrthern

British Columbia, Canada, in 1963 (Figtb). One could readily pull a handful of horizontal, shtigke

sheets of rock from the outcrop. Later, in69 | recognized it at the Sierra Gorda porphyry copper degosit

in centralnorthern Chile, where it surrounded a breccia pipe. | learned then that shatter cleavagg was
well documented by Howell and Melloy (1960) at the surface around the Braden Pipe at the El Tgniente
porphyry copper mine in central Chile. In 19T&lsoencountered shatter cleavage at Casino, cenjral

Yukon, Canada. As a result of these experiences, | formed the opinion that shatter cleavage resul
multiple extension fractures caused by explosive waves related to the emplacement of breccig

(Gadwin, 1973, 1975, 1976). As such, | consider shatter cleavage toilbgexrfossifor breccia pipes anl

associatedoorphyrydeposits. Because, | like to say, although not always true,‘#ietve never seen
breccia pipe that | did not want to drilBhatter cleavage identification is important.

Other interpretationsabout the origin of shatter cleavage have been made, notably by Allen (1971;

d from
pipes

Eheet

fractures resulting from anhydrite formation in the Galore Creek porphyry, northern British Colujnbia,

Canada)and Sillitoe and Sawkins (1971; vertical sheeting along margins of tourmaline breccia p
Chile). Oniorskin spall (Lovering, 1949) that occurs on some margins of quartzite pebbles in the

pes in
Tintic

Breccia in Utah, United States, might have a relatégirmr
































































































































































































































































































































































