Geology, Hydrology, Geochemistry,
and Biology of Mine Sites
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Geologic Aspects

Outline
- Minerals

- Lithology and Walll-rock
Alteration

= Mineral Deposits of California
— Gold-Silver
— Base Metals (Cu, Zn, Pb)
— Mercury
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Minerals (see handout)

Sulfides
Sulfosalts
Sulfates

Native Elements
Carbonates

Silicates

Oxides / Hydroxides
Halides

Arsenates and Antimonates

Other (Fluorides, Arsenides, Tellurides)
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MINERALS COMMONLY ASSOCIATED WITH ORE DEPOSITS AND MINE WASTES

Solubility*
\ High | Low \ Supergene \ Hypogene \
Sulfides
Pyrite FeS, 0O R v
Marcasite FeS, @) R v v
Pyrrhotite Fei1xS (x=01t00.17) @) R v
Chalcopyrite CuFeS, O R v
Bornite CusFeS, O R v
Chalcocite Cu,S O R v v
Covellite (covelline) CuS O R v v
Gersdorffite NiAsS (@] R v
Arsenopyrite FeAsS (@] R v
Arsenian pyrite Fe(S,As), O R v
Realgar AsS @] R v
Orpiment As-S3 0 R 4
Molybdenite MoS-, (@) R v
Cinnabar, metacinnabar HaS O R v v
Argentite, acanthite Ag2S (@] R v v
~elative solup
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MINERALS COMMONLY ASSOCIATED WITH ORE DEPOSITS AND MINE WASTES
Solubility*
High Low Supergene | Hypogene
Carbonates
Calcite CaCO; A B v v
Aragonite CaCO; A B v
Dolomite Ca(Mg,Fe)(COs), A B ? v
Ankerite Ca(Fe,Mg)(CO3), A B ? v
Siderite FeCO; A B v v
Magnesite MgCO» A B v v
Rhodochrosite MnCO3 A B v v
Azurite Cu3(C0O3),(0OH), A B 4
Malachite Cuy(CO3)(0OH), A B 4
Cerussite PbCO; B v v
Smithsonite ZnCO3 A B v v

Relative solubility

A = Acidic conditions

B = Basic conditions
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Lithology and Wall-rock Alteration

- The Rock Cycle
- Unaltered Rocks

— lgneous
— Metamorphic
— Sedimentary

- Altered Rocks

— Key alteration types
— Importance to environmental behavior
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The Rock Cycle

and erosion

/ Slaw uplift ta Transport and
Bt mE the surface depasitian

Innmu: rock _

Intrusive
Igneous rock

Burial, high temperatures
and pressures
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lgheous Rocks

Orthoclase / 525 =
Flagioclase 5
A0 a0
¥y / —i
(Ma-rich Armphibole Pyroxene i 75 _| 75 E
Clivine =
- Ty Bintite =
Rhyalite Andesite Baszalt omatiite Extrusive
Granite Cuartz diorite  diorite Gabbro Fericotite Intrusive
Acidic It errmediate Basic LlItrabasic Compostion
Felsic It errmediate Mafic LlItramafic ol
[ | | I I Silica (%)
a0 63 52 45 30
| | | | 1 FeQ + MgO (%)
3 9 16 26 40
| | | | | | K20 + Na20 (%)
7 B a] 4 3 2
Light Gray Dark_ “olof
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http://www.mc.maricopa.edu/dept/d43/glg/Study_Aids/sedimentaryrkiD1.JPG
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Metamorphic Facies

Z = zeolite

PP = prehnite —
pumpellyite

B = blueschist

E = eclogite

GS = greenschist
A = amphibolite

G = granulite

http://mineral-rock.blogspot.com/2005/10/rock-index- —
metamorphic.html H = hornfels
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Altered Rocks

TABLE 3.7—The environmental characteristics of various wallrock alteration types common to hydrothermal mineral deposits. See discussion in
Guilbert and Park (1986) for discussion of alteration origins.

Alteration type

Alteration products

Chemical effects

Acid-sulfate
(advanced argillic)

Argillic

Phyllic

Propylmc R

Silica

Jaspermd

Greisen

Dolomitization
Carbonatization

Sulﬁdallon -

Decalcification
(decarbonatization)

Vuggy silica (+pyrite), quartz-alunite,
kaolinite, + pyrophyllite, dickite

Kaolinite, illite, montmorillonite,

% pyrite, £ chlorite

Quartz, sericite, pyrite

Potassium feldspar, biotite, anhydrite
* Epidote, chlorite, calcite, albite, + pyrite

Silica, qua.nz addition to rock and
replacement of rock minerals

' Silica, qﬁdﬁﬁéﬁiébéﬁiéﬂt of carbonate

sedimentary rocks

Quartz, muscovite, topaz, fluorite,
cassiterite, magnetite

Carbonate rocks alter to calc-silicates,
magnetite

Alteration of limestones to dolomites

Alteration of rock minerals to carbonates

Allcranon of Fe mlnerals to Fc sulﬁdcs

" Removal of carbonate from rocks, some

replacement by silica

Grcally decreases acid-buffering

capacity of host rocks, and increases
__acid-generating capacity

Decreases acid-buffering capacity

~ Increases acid-generating capacity

Coarse gram size of feldﬁp:irsm S

decreases rock reactivity _
Increases acid-buffering capdcnly
of rock

Decreases acid- buﬂ‘ermg capacity
of rock

'(_j_r_éé_i-l'): decreases acid-buffé'r-i'ﬁg'

capacity

* Some decrease in acid-bu'f'fering'
_capacity, reactivity

Decrease acid-buffering capacuy,

__increase acid-generating capacity

May decrease acid-buffering

_capacity _
Substantially increases acid- -buffering

. Capacity
~Increases acid- generatmg capacity

Decreases acid-buffering capacity

Physical effects

__permeability

Vuggy silica zones hlghly permeable.
Surrounding clay alteration zones
impermeable

Substantially decreases rock and
fracture permeability -
Slightly decreases rock and fracture

__permeability

Shifts permeability to fracture

_permeability

Chlorite-rich alteration somewhat

_decreases fracture permeability

Decreases rock permeability, porosnty
Increases susceptibility of rocks to

__fracwuring
Can increase porosny. permcablltly of

rock; also increases susceptibility of
rocks to fracturing
Moderate rock permeability, fracture

_ permeability

May decrease rock permeablllly
May decrease or increase rock porosity,

Negligible T

Negligible effect
Substantially increases porosity, perme !
ability

Source: Plumlee (1999)
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Altcraiion type

Altered Rocks

Alteration products

TABLE 3.7—The environmental characteristics of various wallrock alteration types common to hydrothermal mineral deposits. See discussion in
Guilbert and Park (1986) for discussion of alteration origins.

Chemical effects

Physical effects

Acid-sulfate
(advanced argillic)

Argillic

Phyllic

Propylmc R

Silica

Jaspermd

Vuggy silica (+pyrite), quartz-alunite,
kaolinite, + pyrophyllite, dickite

Kaolinite, illite, montmorillonite,

% pyrite, £ chlorite

Quartz, sericite, pyrite

Potassium feldspar, biotite, anhydrite

* Epidote, chlorite, calcite, albite, + pyrite

Silica, qua.nz addition to rock and
replacement of rock minerals

' Silica, qﬁdﬁﬁéﬁiébéﬁiéﬂt of carbonate

sedimentary rocks

__acid-generating capacity

~ Increases acid-generating capacity

'(_j_r_éé_i-l'): decreases acid-buffé'r-i'ﬁg'

Grcally decreases acid-buffering
capacity of host rocks, and increases

Decreases acid-buffering capacity

Coarse grain size of feldspars 1
decreases rock reactivity _
Increases acid-buffering capdcnly
of rock

Decreases acid- buﬂ‘ermg capacity
of rock

capacity

Greisen

Dolomitization
Carbonatization

Sulﬁdallon -

Decalcification
(decarbonatization)

Quartz, muscovite, topaz, fluorite,
cassiterite, magnetite

Carbonate rocks alter to calc-silicates,
magnetite

Alteration of limestones to dolomites

Alteration of rock minerals to carbonates

Allcranon of Fe mlnerals to Fc sulﬁdcs

replacement by silica

_capacity

~ Some decrease in acid-bu'f'fering'
_capacity, reactivity

Decrease acid-buffering capacuy,

__increase acid-generating capacity

May decrease acid-buffering

Substantially increases acid- buffering

. Capacity
~Increases acid- generatmg capacity

" Removal of carbonate from rocks, some

Decreases acid-buffering capacity

__permeability
_permeability {

_decreases fracture permeability
__fracwuring
Can increase porosny. permcablltly of

_ permeability

__permeability

Vuggy silica zones hlghly permeable.
Surrounding clay alteration zones
impermeable

Substantially decreases rock and
fracture permeability -
Slightly decreases rock and fracture

Shifts permeability to fracture

Chlorite-rich alteration somewhat
Decreases rock permeability, poﬁ}_;lty
Increases susceptibility of rocks to

rock; also increases susceptibility of
rocks to fracturing
Moderate rock permeability, fracture

May decrease rock permeablllly
May decrease or increase rock porosity,

Negligible effect
Negligivle effect
Substantially increases porosity, perme ,
ability

Source: Plumlee (1999)
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Key Alteration Types — Chemical Effects

Alteration type Alteration products Chemical effects

Acid-sulfate Vuggy silica (+pyrite), quartz-alunite, Greatly decreases acid-buffering

(advanced argillic) kaolinite, + pyrophyllite, dickite capacity of host rocks, and increases

o ~_acid-generating capacity

Argillic Kaolinite, illite, montmorillonite, ~ Decreases acid- -buffering capacity

... *pynte xchlorite R

Phylllc Quartz, sericite, pyrite Increases acid-generating capacity

Potassic Potassium feldspar, biotite, anhydrlte Coarse grain size of feldspars

______ e ~decreases rock reactivity

Propylmc Epidote, chlorite, calcite, albite, + pyrite Increases acid- -buffering capacity

I o ofrock

Silica Silica, quartz addition to rock and Decreases acid- buf’fermg capacuy
replacement of rock minerals of rock

Jasperoid Silica, quartz replacement of carbonate Greatly decreases acid-buffering
sedimentary rocks capacity

--lumm
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Alteration and
mineralization
at Questa, NM
(molybdenum

porphyry)
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Locations of Past
and Present
Mines in
California

Approx. 47,000
abandoned mines (Calif.
Dept. of Conservation
and USGS databases)

From Ashley (1998) in DTSC
Preliminary Assessment
Handbook
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Physiographic
Provinces of
California

From Ashley (1998) in DTSC
Preliminary Assessment
Handbook
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Gold and Silver Deposit

Deposit type Common sulfide % sulfide | Acid-buffering
minerals in ore minerals

Low-sulfide gold- py, asp, stib, sl, cp, gn, 1-10 dol, ank, mag,
quartz veins pyr sid, cal

Epithermal veins py, arg, Ag-sulfo, gn, sl, <1-5 cal, rdc
cp, mc, asp

Quartz-alunite gold | py, sulfo, cc, cv, mc, sl, gn | 2-30

Hot spring py, stib, real <1-10

Polymetallic vein py, sl, cp, gn, asp, sulfo, |5-20
arg

Sediment-hosted py, asp, real, orp, stib <1-5
disseminated gold

Modified from Ashley (1998) in DTSC Preliminary Assessment Handbook
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Distribution of
Lode Gold

WIS

Photo: Oriental Mine, CA
http://www.gold-
classics.com/Gold12.htm

Map: Ashley (1998) in DTSC
Preliminary Assessment
Handbook
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Mesozonal
Au-As

— 10

\\'\\f\ Hypozonal

Brittle-ductile
transition
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Figure 1. Schematic representation of shear-zone setting of low-sulfide
gold-quartz veins and related deposits. Mod-ified from Groves and

others (1998), and McCuiag and Kerrich (1998).
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100000

10
Au, ma/kg

Alleghany district (Biihlke, 1986)

Shingle Springs district (Nash, [988)
Hodson district (Chaffee and Sutley, 1994

Harvard mine, Jamestown district
(Ashley, unpub. data)

N. Mother Lode districts { Sutter Cr.. Nashville,
Kelsey, Spanish Flat: Ashley. unpub. data) From: ASh |ey (2002)

Figure 1. Arsenic concentrations i ores from selected gold districts, U SG S O F R O 2_ 1 9 5

Sierra Mevada region, Califorma.
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From: Ashley (2002)
USGS OFR 02-195
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10
Au, mg/kg

¢ Alleghany district (Bohlke, 1986)

¥ Northern Mother Lode districts (Sutter Creek, Jackson, Nashville,
Kelsey, Spanish Flat, Nevada City; Ashley, unpub. data)

m Shingle Springs district (Nash, 1988)
% Hodson district (Chaffee and Sutley, 1994)
A Harvard mine, Jamestown district (Ashley, unpub. data) From: Ash |ey (2002)

Figure 3. Mercury concentrations in ores from selected gold districts. U SG S O F R O 2' 1 9 5

Sierra Nevada region, California.
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o
o

MeHg, ng/L

]
100 101 102 103 104 105
THg, ng/L

¢ Drainage, Argonaut mine mill tailings (Ashley, unpub. data)

B Mill tailings impoundment and drainage, Lava Cap mine
(Ashley & Ziarkowski, 1999, Ashley, unpub. data)

a Mine drainage, 6 sites in 5 Sierra Nevada districts From: Ashley (2002)
(Ashley, unpub. data) USGS OFR 02-195

Figure 8. Methylmercury vs. total mercury in mine drainage and drainage from
mill tailings, low-sulfide gold-quartz deposits, Sierra Nevada region, California.
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Hot-Spring Gold-silver

Former surface

=i ¢—Silica sinter: Sb, As, Au,

Bedded fallout Ag, Hg in seams.
material Opalized rock or porous,

vuggy silica: Native S,
silicification cinnabar.
Pervasive silicification:
dispersed As, Sb, Au, Ag, TI.
Stockwork veins: Au, Ag, As,
T1, Sb, in quartz, chalcedony

100 to Hydrothermal

Acid leaching: Kaolinite, alunite
silica, jarosite.

Hudrothermal brecciation : Au,
Aq. As, Sb,T1 sulfides and
quartz.

Quartz-sulfide-adularia veins:
Quartz-sulfide-chlorite Au, Ag, As, (Cu, Pb, Zn). Berger (1986)

veins: Cu, Pb, Zn, (Au, Ag) USGS Bulletin
1693

Figure 105. Cartoon cross section of hot-
spring Au-Ag deposit.
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Mineral Deposit Types Related to Intrusion of
lgneous Stock into Sedimentary Sequence

7 ““‘Siu*.*.‘
X
S N L N A S L B + F + 4 4
4t 1 3 £

¥
| S S S | -

| SR AN A O N O N 1 Ty + + 4
A O VO O O O T
A A S BN S M SR S i S T + 4+ 4
+ +

LSS OO OO NN OO OO TN NN OO OO O N NN OO N
) T

Skarn ore

Plumlee ' N Approx. 100-500 m

AEEEEBENIENNE NN

(1999) FIGURE 3.15—Schematic cross section of mineral-deposit types that may form from the intrusion of a magmatic stock into a sedimentary-rock
sequence containing carbonates, shales, and sandstones.
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Base Metal and Silver Deposit Types

Deposit type

Common sulfide
minerals

% sulfide
in ore

Acid-buffering
minerals

Volcanogenic massive
sulfide

Py,sl,cp,pyr,gn

5-90+

Few (cal,
silicates)

Polymetallic vein

Py,sl,cp, gn, asp,
sulf,arg

Cal, dol, ank,
sid, rdc

Polymetallic
replacement

Py, gn, sl, cp, arg,
mc, sulfo

Cal, dol, sid, rdc

Skarn (copper)

Cp, py, bn, pyr

Cal, dol

Skarn (zinc-lead)

Sl, gn, pyr,py, cp,

Cal, dol, rdc

Modified from Ashley (1998) in DTSC Preliminary Assessment Handbook
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Distribution of
Base Metal Mines

(Pb, Zn, Cu)

Largest are VMS
deposits in Klamath
Mtns. (West Shasta
mining district) and
western Sierra Nevada
(Foothill Zn-Cu Belt)

From Ashley (1998) in DTSC
Preliminary Assessment Handbook
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Iron Mountain, Shasta County, CA
Volcanogenic Massive Sulfide (VMS) deposit
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Volcanogenic Massive Sulfide

Galley et al., 2007, Geol. Assn. Canada, Mineral Deposits Div., Spec. Pub 5.
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Table 2. Mineralogical and metal associations of massive sulfide deposits

Noranda

Kuroko

Cvprus

Besshi

Bathurst

Sed-Ex

Major
metals
Minor
metals

Fe. Cu. Zn.
(Al)

Pb. Cd. As.
Ag Au

Fe, Zn. Pb,
Cu, (Al)
Cd. As. Ag,
Au

Fe.Cu

Zn. Cd. Po,
Ag Au

Fe. Cu, Zn.
(Al)

Pu. Cd Ag,
Ag

Fe.Zn. Pb.
(Al
Cu, Cd. As

Fe. Zn. Pb,
(Al)
Cu, Cd. Ag

sulfide
Major ore
Sulfides
Minor
sulfide

Dominant Fe

py=po
cpv. sph

apv. td

P¥
sph. gn. cpy

apv. cs, cb.
po. td

Py
cpy

po. sph

pozpy

cpy. sph

apy, cb, gn.
td

PY
iph, gn

CPY. PO. apy

py=po
:ph, gn

apy. cpyv. st
td

Primarv
sulfates

ba

ba. anh

ba

ba

Minor

cabonates

sd. cal

cal. dol, sd

ank, cal

cal, dol

Secondary
sulfides
Secondary
alkaline
earth
sulfates
Secondarv
metal
sulfates

Secondary
ferric
hvdroxide-
hvdrates

€1, CV. CC-
dg. mc
ba. anh

ang, gos.
hal-pk. mel.
roz, cop

fer. goe. hm.
sch. jar

ac. Cv, €1l

ba. anh

ang, gos.

aln, che. eps,

hal-pk. mel.
10Z, cop

fer. goe. sch.

5C

che. eps, Cu-
Mg mel. gos

fer. goe. sch

me, ¢v. cc-
dg
ba. anh

ang. aln.
gos, hal-pk,

mel. roz, cop

fer. goe. jar,

sch

mc

ba. anh

ang. gos,
hal-pk, mel,
10z

fer, goe

Seal et al.

(2002) USGS
OFR 02-195

Abbreviations: py: pvrite; po: pyrrhotite; cpy: chalcopyrite: sph: sphalerite; gn: galena: apy: arsenopyrite; td:
tetrahedrite-tennantite; cs: cassiterite: cb: cubanite: st: stannite: en: enargite: cv: covellite: cc-dg: chalcocite-digenite;
me: marcasite: bn: bormte; cal: calcite: dol: dolonute; ank: ankerite: sd: siderite; ba: barite; anh: anhvdrnte; ang:
anglesite; gos: goslarite: hal-pk: halotrichite-pickermgite: mel: melanterite: roz: rozenite; cop: copiapite: aln: alunogen:
che: chalcanthite: eps: epsomuite; fer: ferrihvdrite; goe; goethite: hm: hemarite: sch: schwerimannite; sc: scorodite; jar:
jarosite.

v H“H
Kiipers &esocites IIC“
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Noranda Kuroko

Major Fe. Cu. Zn. Fe. Zn. Pb,

metals (Al) Cu, (AD

Minor Pb. Cd. As. Cd. As, Ag.

metals Ag. Au Au

Domunant Fe  py=po Py

sulfide

Major ore cpy. sph sph. gn. cpy

Sulfides

Minor apy. td apy, cs. cb.

sulfide po, td

Primary ba ba, anh

sultates Seal et al. (2002)
Minor sd, cal cal. dol, sd USES OFR 02495
carbonates

\H\H
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Noranda

Kuroko

Secondary e1, CV, cC- ac. cv, en
sulfides dg. mc
Secondary ba. anh ba, anh
alkaline
earth
sulfates
Secondary ang, gos. ang, gos,
metal hal-pk. mel. aln. che. eps.
sultates 10Z, cCop hal-pk. mel.

I0Z, COP

Secondary fer. goe. hm. fer. goe. sch.

. - - | - | Seal et al.
ferric sch, jar SC (2002) USGS
hydroxide- OFR 02-195
hvdrates
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Secondary Sulfate Minerals, Iron Mtn., CA

Copiapite

Melanterite Halotrichite

.
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Seafloor Massive Sulfide Deposits —

Associated Water Quality (1 of 2)

Cu 10 b

1,000 10,000 100,000

Figure 3. Natural background geochemucal data for filtered ground and surface waters around massive
sulfide deposits. a. Fe vs. pH. Data outlined by solid line are from deposits exposed at the surface;
data outlined bv dashed line are from buried deposits. b. Cu vs. Zn. Dashed lines represent Zn:Cu
ratios (mass basis). Note that waters from Zn-rich deposits (Sedimentarv-exhalative and Bathurst)
range to higher Zn:Cu ratios than Cu-rich deposits (Noranda and Besshi).

Seal et al. (2002) USGS OFR 02-195
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Seafloor Massive Sulfide Deposits —

Associated Water Quality (2 of 2)

10,000,000 1.000,000
= Noranda
1.000,000 100,000 Q & Cyprs
a Cyprus
100,001 - ® Seiche
100,000 10,020 X ge.‘.‘!'.u_:_st
10,000 & SedEx
. A 1,000
C-u 1.000 :31.‘}
ugl pgl
10 10
] ]
0.1 0.
2.0 0.0 20 40 6.0 8.0 10.0 2.0 0.0

Figure 4. Comparison of filtered nune dramage waters with natural background waters. Data outlined
by solid lines are mune drainage: data outlined by dashed lines are natural backgrounds. a Cu vs. pH.
The general negative slope of the data 1s tvpical of most divalent metals. b, As vs. pH. Note that manv
of the natural background samples have lugher As concentrations than the nune drammage samples.

Seal et al. (2002) USGS OFR 02-195
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Distribution of
Mercury Mines

Calif. Coast Range
mines account for
approx. 75% of Hg
production in North
America (1850s -1960s)
(Rytuba, 2003)

From Ashley (1998) in DTSC
Preliminary Assessment Handbook
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Mercury Deposit Types

Deposit type Common % Acid-
sulfide sulfide | buffering
minerals in ore minerals

Silica-carbonate |cin, py, marc, |[2-10 mag, dol,
stib, cp, sl cal, serp

Hot spring cin, marc, py

Modified from Ashley (1998) in DTSC Preliminary Assessment Handbook
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Mercury ore, cinnabar and native Hg
Altoona Mine, Trinity County, CA
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