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Schematic diagram showinghe general
distribution of hydrot hermal silicates
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Classification of Igneous rock

Classification of racks SiO2 content | 45-52%| 52-66% | > 66 %

1) Igneous rock Volcanic rock | Basalt Andesite | Rhyolite

2) Sedimentary rock Hypabyssal rock | Diabase | Porphyrite | Granite porphyry

3) Pyroclastic rock Plutonic rock  |Gabbro | Diorite Granite

4) Altered rock Olivine ------------

5) Metamorphic rock yowene -
Amphibole ---=---------- e -

Granite
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Dissolution offorsterite (olivine)
M928|04 + 4Ht 2M92+ + H4SIO4
Dissolution offayalite (olivine)
FeSiO, + 4HY - 2Fe* + H4SIi0,

Dissolution ofenstatite (pyroxene)

MgSI03 + 2H" + H,O - Mg2+ + H4SiO4
Dissolution offerrosilite (pyroxene)

FeSiOG; + 2H + H,O - Fe?* + HySiOy
Dissolution of anorthite

CaAl>SibOg + 8H* - Ca?* + 2AIR* + 2H,SiO,
Dissolution of albite

NaAlSizOs + 4H* + 4H,O - Na* + Al3* + 3HsSiO4
Dissolution of K-feldspar

KAISi30g + 4H" + 4H,0 - K* + Al3* + 3H,SiO,

Dissolution of quartz
SiO; + 2H,O - H4SIiO,

4444 26KV

Fig. 3.6 Scanning electron micrograph showing square-shaped etch pits developed on disloca-
tions in a feldspar from a southwestern England granite. Note that in places the pits are coalesc-
ing, causing complete dissolution of the feldspar. Scale bar = 10 um. Photograph courtesy of
ECC International, St Austell, UK.
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p moles per gm of solid

Enstatite: MgSiO3
pH=6, T=20°C
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p moles per gm of solid

Diopside: CaMgSi,05
pH=6, T=20°C
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Table 2. Weathering rates (moles m-2 s-1) of minerals
in the regolith of the Coweeta catchments compared to
laboratory dissolution rates from the literature (after
Velbel, 1985).

Rainfall l i Dry deposition

Mineral Field rate  Laboratory Laboratory

Biomass changes ratel rate2
Evapotranspiration Oligoclase 8.9 x 10-13 3x 10120 1.8 x 10-12
“ _ Stream 2x 10711
e Soil
o | solution % #” Subsurface
kMO a2t \”0"‘" Garnet 3.8x10°12 1x10-11
3+ ” / Biotite 1.2x 1013 2x1010  1x10°12
SO4' Al rock ring:
lon exchange Primary minerals + H* = secondary minerals + solutes
I Literature rates reported by Velbel (1985).
2 More recent rates: oligoclase from Mast and Drever, 1987;
RAODBALIRIEBETODBRE 7SI ADET I biotite from Acker and Bricker (1992).
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Dissolution of anorthite
CaAl,SibOg + 8HY — Ca2t + 2AI + 2H,SI10,

Reaction of Ca ions
Caz*+ CO, + H) O - CaCOz+ 2H"

Calcite
Reaction of Al ions

Al3* + 3H,O — AI(OH)3 + 3H*
Gibbsite
Reaction of HiSiO,4 ions

H4SiIO, — Sl—Oz + 2H,0O
Amorphous silica
Reaction of Al and H;SiO,4 ions
2AI3*F + 2H,Si0, +H,O - Al 28i205(OH)4 + 6H"
Kaolinite

Reaction of Ca, Al, and HSiO,4 ions
Ca2t + 14AB* + 22H,Si0,4 —

6Ca9.165Al 2(Siz.67A10.39 O10(OH) 2 + 16H,0 + 44H*

Smectite

Dissolution offayalite (olivine)
FeSiOs + 4HY . 2Fe + H4SiO4
Dissolution offerrosilite (pyroxene)
FeSiOGs; + 2H* + H,O - Fe2t + HySiOy

Oxidation of Fe?*

AFet + O + 4H" - 4Fe* + 2H0
AFet - 4e - 4Fet

02 + 4e - 20*

202 + 4H" = 2H,0

Precipitation of F&**

Fe3* + 3H,O - Fe(OH) + 3H*
Ferrihydrite

Crystalization of Fe,O3

2Fe(OH)3 - Fe0O3; + 3H0

Hematite




(1) Si, Al

log Si solubility (molar)

Solubility of Si Solubility of Al
S of
5
o -2
......... E |
§ [ e -
soluble g -8
monomers E -
S sl
S T R PR S 6 & 10 1
PH pH
| | Al(OH) 3 + 3H* == AI®* + 3H,0
SiO, + 2H,O0 <<= H
102 -2 < | 4S|O4 , K = [AI 3+][H20]3/[A|(OH)3][H+]3
K = [H4SI04] / [SIO »][H20] = [Al 3+] /[H +]3
- [H4S_'O4] log [Al 3] = log K - 3pH
l0g [H 45104] = log K AI(OH) 3 + H,0 == AI(OH) 4~ + H*

K =[AI(OH) 4" ][H"] / [AI(OH) 5][H20]
= [AI(OH) 4 ][H"]
log[AI(OH) 4] =log K + pH



(2) Si-Al 2

4 5
. Amorphous
/ Halloysite 44 . Al hvdroxid
— 3 5‘ Kaolinite
3 <
2 B3
g, 2
2 ¢ 2
: H
) - . Amorphous
1 Kaolinite silica
0 1 1 | L] 1 1
0 , . . r - 12 -10 -8 -6 -4 -2 0 2
6 5 -4 3 2 A 0 log[H 48i04]
log[H 4Si04] N
A|28i205(OH)4 + 6HY - 2AI3 + 2Si0, + 5H,0
Al 28i205(OH)4 + 6HY . 2AI3 + 2H4SiO4 + H,O K= [Al 3*]2[SiO 2]2[H20]5 / [Al 28|205(OH)4][H +]6
K = [Al3]2[H4Si04]2[H20] / [Al 2Si,O5(OH)4][H*]® = [AI3*]2 / [H*]8
= [AI3*]2[H,4Si04]2 / [H*]® N

A|28i205(OH)4+ 5H,0 - 2A|(OH)3 + 2H4Si104
K = [AI(OH) 5]2[H4Si04]2 / [Al ,Si,05(OH)4][H20]°
= [H4Si04]2



(3) Si-Al-Na 3

log [Na *}/[H*]

14 1)
127 \ Al,»Si»,05(0H)4 + 5H,0 — 2AI(OH) 3 + 2H,Si04
10 Albite
2) -
8- 6Nag.33Al 2(Si3.67A|0.33)010(OH)2 + 2H* + 23H,0 -
6 1 Gibbsite 7Al,Si,05(0H)4 + 2Na* + 8H4Si0,4
4 -
3) -
27 7NaAISi 30g + 6H* + 20H,0 -
0- Kaolinite 3Nao_33A|2(Si3.67A|0.33)010(OH)2 + 6Na* + 10H4SiO4
-2 T T T T T
7 6 5 4 3 2 a o2 -

2NaAlSi30g + 2H* + 9H,0 -

[H4SiO4 _ |
‘o8 : A|28|205(OH)4 + 2Na* + 4H4SI04

5) -
NaAlSi30g + H* + 7TH,0O — AlI(OH)3 + Na* + 3H4SiO4



Solubility product
aA+bB == cC+dD....... — Precipitation, =—Dissolution
K =[C]YD]?/ [A]YB]® ......... Equilibrium states
IAP = [C]D]Y/ [A]¥B]® ...... Actual states
Saturation index
Sl =log(IAP/K)
IAP: lon activity product, K: Solubility product
SI=0..... Saturation (AP =K) —» Equilibrium
SI>0.... Supersaturation (AP > K) —» Precipitation
SI<O0..... Undersaturation (AP <K) —» Dissolution

Free energy change
A G°=3 A G (products) - A Gi° (reactants)
= -RT InK
= -1.364 log



=y Y :

-logy =AZ(1Y4@+Bal'?) ....... Debye-Hickel equation (I < 0.1)

-logy =AZ(YY(1+1Y%-0.2) ....... Davies equation (I < (B)
A: (25 :0.5089 B: (25 :0.328K%10°)
a: Z: | :

_ 1 2
| = =2 miz
2 ! @ - Cation o

ml : Z| : O = Anion 105° Q%«f

Qi H,0 Dipole H* H*
(Focus of positive charge)

F - -

= O 1 Solvated Solvated Solvated
’ cation complex anion

Example..... 0.1 M NacCl
I — % (mNa ZNa2+ Mg ZCI2)




APPENDIX 3: THERMODYNAMIC PROPERTIES

Table 3A. G, H?, and 5° Values for Common Chemical Species in Aquatic Systems:* Valid at 25°C,
1 atm Pressure, and Standard States’

Formation from the Elements Entropy
Species Gy mol™)  Hy(mol™)  S°(mol™ K™)  Reference’
Ag (Silver)
Ag (Metal) 0 0 42.6 NBS
- A Ag*(aq) 77.12 105.6 73.4 NBS
Chen;ﬁ;lRii:;hbna | AgBr —96.9 -100.6 107 NBS
5 AgCl —109.8 -127.1 96 NBS
in Natural Waters Agl _66.2 —61.84 115 NBS
Ag,S(a) —40.7 —-29.4 14 NBS
AgOH(aq) -92 NBS
Ag(OH); (aq) —260.2 NBS
AgCl(aq) —-72.8 -72.8 154 NBS
AgCl; (aq) —215.5 —245.2 231 NBS
Al (Aluminum)
Al 0 0 28.3 R
AP*(aq) —489.4 —~531.0 —-308 R
AIOH’* (ag) —698 S
AL(OH)S (aq) -911 S
Al(OH)s(aq) -1115 S
Al(OH); (aq) —1325 S
Al(OH); (amorph) —-1139 R
Al,O, (Corundum) —1582 —1676 50.9 R
AIOOH (Boehmite) -922 —~1000 17.8 R
‘ Al(OH), (Gibbsite) —1155 —1203 68.4 R
» ALSi,05(OH), (Kaolinite) © 3799 ~4120 203 R
JAMES ]J. MORGAN KALSi;0,,(OH), (Muscovite) —1341 R
Mg,ALSi;0,4(OH); (Chlorite) ~1962 R
CaAl,Si,Oz (Anorthite) —-4017.3 —4243.0 199 R
2 ) NaAlSi,O, (Albite) -3711.7 ~3935.1 R
Environmental Science and Techn(ﬂ'ﬁ;ﬂ*‘= As (Arsenic)
Wﬁby-_lﬁlerscience Series of Texts and Manographs
: - As (a-Metal) 0 0 35.1 NBS
H,AsO,(aq) —766.0 —8098.7 206 NBS
H,AsO; (aq) —748.5 -904.5 117 NBS
HAsO; ™ (aq) ~707.1 —898.7 3.8 NBS
AsO} ™ (aq) ~636.0 -870.3 —145 NBS

H,As0; (aq) —587.4 NBS
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Water Resources Applications Software
http://water.usgs.gw/software/

PHREEQC version 2 is a computeprogram written in the
C programming language that is designed to pedrm a wide
variety of low-temperature aqueous geochemical calculations.
PHREEQC is based on an ion-association agueous model and
has capabilities for (1) spe@tion and saturation-index
calculations; (2) batch-reaction and one-dimensional (1D)
transport calculations involving reversible reactions, which
include aqueous, mineral, gas, solid-sation, surface-
complexation, and ion-exchange equilibria, andrreversible
reactions, which include spedied mole transfers of reactants,
kinetically controlled reactions, mixing of solutions, and
temperature changes; and (3)nverse modeling, which finds
sets of mineral and gas mole ansfers that account for
differences in compositon between waters, within speified
compositional uncertainty limits.

Manual of PHREEQC

U.S. DEPARTMENT OF THE INTERIOR
U.S. GEOLOGICAL SURVEY

USER’S GUIDE TO PHREEQC (VERSION 2)—

A COMPUTER PROGRAM FOR SPECIATION,
BATCH-REACTION, ONE-DIMENSIONAL TRANSPORT,
AND INVERSE GEOCHEMICAL CALCULATIONS

By David L. Parkhurst and C.A.J. Appelo’

Water-Resources Investigations Report 99-4259

1Hyorochemical Consultant
Valeriusstraat 11

1071 MB Amsterdam, NL
appt@xs4all.nl
http://www.xs4all.nl/~appt/index.htm|

Denver, Colorado
1999
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