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SULPHUR

Tirble 3. Thermodynamic data for sulfur

Species (state) lG! (kcatlgfw) Reference

TheEh-pHdiagramforsulfurspeciesinthewaterstabilityfietdisshownin
fig. :. itre tirermoaynamic daia for important naturally occurring sulfur

species are given in Thble 3'

The sulfur Eh-pH diagram presented here is calculated on the basis of an

assumed activity of dissJved iulfur: 10 3" since this is a reasonable value

io. *urry terrestrial waters' Garrels and Christ (1965) and others have

p..r"n,"i sulfur Eh-pH diug'u** for both much greater and lower activities

of dissolved sulfur. For un ii"r"u.. in the activity of dissolved S, the field of

native sulfur inc."as"s, una rot a decrease in the S activity, it decreases and

disappears at about 10-6.

Sulfurisanimportantelementintheterrestrialsysteme.Herglhave
chosen to include only those species of major importancg -and 

not those

species of short, metasiable existince' Thus' sulfites and thiosulfites and other

anionicsulfurspeciesarenotgivenhere.Thediagramsforvarious.metalswith
sulfuriirtheformof-metal'sulfidesaregivenundertheheadingofeach
metallic element later in,this book'

The boundary between (S ( - II) and S (VI) is one of the most important in

terrestriar systems. The oxidaiion of s(-II) species to s(vl) species is very

energetigandimportantforawidevarietyofchangesinmineralassemblages.
Thesewillbecommentedonunderthevariousmetallicelementheadings.

ThethermodynamicdataarealltakenfromWagmanetal.(1982)andare

, intcrnally consistent.

,

0.8

0.6

o.4

0.0

t- o.2
.C
uJ

s.

52- (aq)
HS- (aq)
HrS (aq)
Sol- (aq)
HSO; (aq)
So?- (aq)
HSo; (aq)

Wagman et al' (1982)

Wagman et al. (1982)

Wagman glal. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

+ 20.51
+2.89
- 6.65

- 116.28

- t26.r3
- 177 .95

- r80.67

pH

Fig. 3' Eh-pH d-iagram,for part of the svstem S-O-H'

The activity of dissolved d'jib;t fttchlv 32ppm) for convenience' The importance

the boundary between *'i*'t"stir:1"#;ti ana sufiae (HzS' HS-' s2-)' exclusive

native S, is discussed in the textAbbreviations see Table t

SYSTEM S-O_H
25"C' 1 bar
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SELEIYIUM

The Eh-pH diagram fbr selenium species is shown in Fig. 4. The ther-
modynamic data for important naturally occurri.g selenium species are given
in Thble 4.

The Eh-pH diagram presented here is calculated on the basis of an assumed
activity of dissolved selenium of l0 6. selenium is a rare element in the
earth's crust, but one of considerable environmental interest due to its ready
incorporation into the food chain. while excess selenium can cause adverse
health effects, so, too, can extreme selenium deficiency. The Eh-pH diagram.
is marked by large stability fierds of narive selenium, HSeo, , 

-seo3 
, u.,a 

-

seo; . The selenite species are especially important as they have been linked
to adverse health effects. The field of native Se will increase with increased Se
activity, and diminish with decreased Se activity.

Selenium can often substitute for sulfur in nature, commonly as se (-II)
for S(*lI) in sulfides, forming seleniferous pyrite and other Se-bearing
sulfides. The Se analog for pyrite, ferroselite (FeSe2) occurs rarely in nature.
Howard (1977) has published an extensive review of the selenium Eh-pH
systematics, and presented diagrams sh^owing the stability field of FeSe2.
There is not good agreement on the / G! for ferroselite, however, and I have
not included the species here. The reader is referred to Howard (1977) for
details on this matter. c)ther selenium Eh-pH diagrams of interest are given in
Brookins (1979) and Thomson et al. (1996).

1.2

SYSTEM Se-O-H
-\ 25"C,

\A'-Q-%+

SeOo2\'--

1 bar1.0

0.8

- 0.2
-c
tU

0.0

0.6

-4.2

-o.4

-0.6

:o Bo'

0.4

Table 4. Thermodynamic data lor selenium

Species (state) zlGf (kcal,zgfw) Ref.erence

Se2- (aq)
HSe (aq)
HrSe (aq)
HrSeO., (aq)
HSeO, (aq)
Seol 

'(aq)

HSeOo (aq)
SeOi- (aq)

+ 30.90
+ 10.50
+ 3.80
101.85
98.34

- 88.38

- r 08.08
105.4'r

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagnian et al. (i982)
Wagman et al. (1982)
Wagman et al. (1982)

24681012
pH

Fig. 4. Eh-pH diagram fbr part ol'the system Se-O-H.
The activity of dissolved Se - 10 6. See text for discussion
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POTI)NIUM

'I'he Eh-pH diagram for polonium species is shown in Fig. 6. The ther-
modynamic data for some important polonium species are given in Thbte 6.

Polonium isotopes are all radioactive, and 208po has the longest half-life of
theseat 2.9x103 years. In addition,2'0po thatf-life 138 days) is an intermedi-
ate decay product of 222Rn (in turn from 238U; and an is important potential
carcinogen. Thus, polonium is of environmental importance.

The Eh-pH diagram (Fig. 6) shows a large field of native polonium, and
a somewhat isolated field of PoS. Poo2 is important under oxidizing condi-
tions, especially at intermediate to basic pH, while a large field of po2+ oc-
cupies mosl of the acidic, oxidizing Eh-pH space. The assumed activity of
dissolved Po = 10-8 is reasonable based on the few polonium data available.
A small field of Po4* occurs under the most extreme acidic, oxidizing condi-
tions.

Brookins (1978b,c) has published earlier versions of Fig. 6.

Table 6. Thermodynamic data for polonium

Species (state) Ac? (kcat/stw) Reference

Po21 (aq)
Poa+ (aq)
Po(OH)o (c)
Po(OH)j* (aq)
PoS (c)
PoO, (c)

+ 16.97
+ 70.00

- 130.00

- 113.05

-0.96
- 46.60

Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Latimer (1952)

( l e82)
( l e82)
(re82)
( 1 e82)
( 1 982)

Abbreviations see Table I

22

0

-o.2

-0.4

-o.6

{r.8

t;

pH

Fig. 6. Eh-pH diagram for part of the system Po-S-O-H.
The assumed activities are: Po : l0-8, S : 10 l



The Eh-pH diagram for nitrogen species is shown in Fig. 7. The ther-

modynamic data for important nitrogen species are given in Table 7.

Aqueous species of nitrogen in surface and groundwaters are dominated by

nitrate ion under oxidizing conditions and aminonium ion under reducing con-

ditions. If the waters are in communication with the atrnosphere, then a large

field of dissolved nitrogen gas occupies most of the Etr--pH space. For Fig. 7'

the equilibrium condiiion of Ps,=0'8atm (= 16-l: activity) is assumed

(Berner 1971). Under extreme basiq reducing conditions, a small field of am-

monia gas appears.
Other nitrogen species, nitrites, nitriles, nitrous and nitric oxiCes, etc., are

not considered here. In nature, a number of stable nitrates and ammonium

compounds exist. These are not plotted in Fig. 7 because most nitrites are

watei soluble as are ammonium halide salts, and, for others, their ther-

modynamic data are not well known.

r)
NITROGEN

Ihble 7. Thermodynamic data for nitrogen

Species (state) /C! (kcal/gfw) Reference

Nz G)
Not (aq)
NHo+ (aq)
uu3 G)

0.00

-25.99
- 18.96

- 3.98

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)
Berner (1971)

Abbreviations see Table t

1.0

0.8

0.6

0.4

0.0

-0.2

-0.4

'-0.6

- o.2
-c.
I,U

t,

Fig. 7. Eh-pH diagram for part of the system N-O-H.
The assumed activity of dissolved nitrogen : 10-3 3 (PNz = 0.8 bar),

See text for discussion

SYSTEM N-O_H
25"C, 1 bar
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ARSENIC

The Eh-pH diagrams for arsenic species are shown in Figs. 9 and 10. The ther-
modynamic data for important arsenic species are given in Table 9.

Figure 9 shows the Eh-pH relationships in the system As-o-H assuming an
activity of 10 6 for dissolved arsenic. Dove and Rimstidt (19g5) have also
shown a similar diagram and, in a later figure, also included Fe as well to show
the stability field of scorodite. In Fig. 9, howeveq only species in the simple
As-o-H system are shown. A field of As2o3 is indicated by the dotted lines
just above the field of native arsenic under mildly reducing, acidic conditions.
Figure 9 is perhaps a bit misleading as it implies a moderate to fairly large field
of native arsenig and this occurrence is rare in nature. Figure 10, on the other
hand, shows the effect of sulphur on the arsenic systematics. Here, it is noted
that native arsenic occurs in the water stability field only under extremely
basic, most reducing conditions. In Fig. 10, the fields of arsenous acid
(H3AsO3) and its ionization products (H2AsO3, HAsO32-, and AsO]-) have
been omitted for clarity in presentation. The field of Asro, (either arsenolite
or claudetite) occurs under acidic to neutral pH just above the sulfide-sulfate
fence.

Both Figs. 9 and 10 indicate that arsenic acid and its ionization products
are of prime importance for As transport under a very wide range of Eh and
pH"

Arsenic in some minerals is present as As(-II), in which case it substitutes
readily for S(-II). The oxygen fugacities for such minerals to form must be
below the lower stability limit of water as the species H2As and HAs- plot
well below the lower limit of water.

Table 9. Thermodynamic data for arsenic

Species (state) ,iCf (kcal/gfw) Reference

As (c)
AsS (c)
As2S, (c)
AsrO, (c)
HrAsOo (aq)
HrAsOf (aq)
HAsol (aq)
AsOl (aq)
HrAsO, (aq)
HrAsO, (aq)
HAsO]- (aq)
Asol (aq)

0.00

- 16.80

- 40.30

- 137.66

- 183.08
* 180.01

- 170.69

- 154.97

- 152.92

- 140.33

- 125.31

- 107.00

Wagman et al. (1982)
Robie et al. (1978)
Wagman et al. (1982)
Robie et al. (1978)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Dove and Rimstidt (1985)
Dove and Rimstidt (1985)

28
Abbreviations see Table 1
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LEAT)

The Eh-pH diagram for lead species is shown in Fig" 18. The thermodynamic
data for important lead species are given in Table 16.

The Eh-pH diagram for part of the system Pb-S-C-O-H assumes activities
of dissol,ied species as follows: Pb : 10-6, S : 10-3, C : 10 3. Under reduc-
ing conditions, PbS (galena) occupies the Eh-pH space. Native Pb is

metastablg as it falls below the lower stability limit of water under sulfur-pre-
sent conditions. In the absence of sulfur, or at greatly reduced sulfur activity,
native Pb is stable [i.e., the Pb: PbO boundary would intersect the Eh axis at
0.26Y with the slope parallel to the limits of the water stability field
(-0.059 pH)1. When the sulfide-sulfate boundary is encountered, S(-II) is ox-
idized to S(VI) but Pb(II) remains unchanged. This results in a very small field
of Pb2* at pH below 0.4, followed (with increasine pH) by fields of PbSOa
(anglesite), PbCO3 (cerussite), and PbO (massicot or litharge). Under very ox-
idizing, near-neutral to basic pH, Pb(II) oxidizes to Pb(III) (i.e., in Pb3Oa;
minium) and Pb(IV) (i.e., PbO2; plattnerite).

Under low dissolved C and S conditions, the field of Pb2+ is much larger.
Lead is a very problematic element from environmental viewpoints. Tetraethyl
lead from gasoline fumes causes buildup of Pb along roadways which enter the
food chain; Pb in paint has been banned from use inside structures for health
reasons.

Garrels and Christ (1965) and Brookins (1978b,c) have published Eh-pH
diagrams for Pb species.

Thble 16. Thermodynamic data for lead

Species (state) /CP Gcallefw) Reference

1 0.2u

Pb2+ (aq)
PbO (c, red)
PbO, (c)
Pb3Oo (c)
PbOH+ (aq)
HPbO, (aq)
PbS (c)
PbSOo (c)
PbCO, (c)
Pbclt (aq)

- 5.84
* 45.16

- 51.94

- 143.69

- 54.09

- 80.88
*21.59

- 194.35

- 149.50

- 101.69

Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.
Wagman et al.

982)
982)
982)
982)
e82)
e82)
982)
982)
982)
982)

pH

Fig. lE. Eh-pH diagram for part of the system Pb-S-C-O-H'

The assumqd activities of dissllved rp"ii", u"t Pb : 10-6'-8, S = 10-3' C = l0 :

See text for discussion

\ 4..\
\ \ \ \Pb\ \

Abbreviations see Table 1
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ALUMINUIVT

Table lE, Thermodynamic data for aluminum

ri

The Eh-pH diagram for aluminum species is shown in Fig. 20. The ther-
modynamic data for important aluminum species are given in Table lg.

Aluminum possess only one important valence, AI(III) in nature, and the
insolubility of Al over much of the natural pH range is well known. In Fig.
20 the stability fields as a function of pH are plotted. Under acidic conditions,
Al is soluble as Al3* or AloH2+, although only Al3+ is shown for conve-
nience. In the pH rangg 3.7- 11.3 solid Al(oH)3 (gibbsite) is stablg assuming
an activity of dissolved Al:10-4. Above pH 11.3, aqueous AlO, occurs.
For a lower activity, l0'6, the pH range for AI(OH), solid is 4.4-i.25.

1.0

0.8

0.6

o.4

0.0

-o.2

-0.4

-0.6

Species (state) /GP Gcal/sflv) Reference

Al3+ (aq) -115.92AlOt (aq,| - 198.59
AI(OH)3 fuibbsite) -276.08
A]OH2+ (aq) - 165.89

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

- 4.2
.E
uJ

Abbreviations see Table 1

Fig. 20. Eh-pH diagram for part of the system AI-O-H.
The assumed activity of dissolved At : 10-4' -6. See text for discussion

SYSTEM AI_O_H
25"C, 1 bar

46
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- 0.2s
TIJ

The Eh-pH diagram for zinc species is shown in Fig. 24. Thethermodynamic
data for important zinc species are given in Table 22.

. zinc p.ssesses only one common valence Zn(iI) in naturg yet zinc isdependent on redox conditions because of the stability of ZnS (spharerite). InFig' 24 the schematics of part of the system Zn-o-H-s-c are shown, and it isnoted that under reducing conditions, berow the surfide-surfate boundary, ZnSoccupies much of rhe Eh-pH space. ZnS dissorves . z;rl ;i;;;; pH 2.1assuming an activity of dissolved zinc of tO-6 1pU: l-14 f;; loaij. OOou"the sulfide-sulfate boundary, znz+ occupies a large Eh-pH t"raio ,rr: z.s(arn-- 10"4), then a narrow field of inCo3 (smithsonite), followed by aIarger field of Zno (zincite),. which dissolr", io ro.rn i"a;:";"rH : 11(azn = l0 -8; or l3 (ar,= 1g-'+y.

ZINC

Table 22. Thermodynamic data for zinc

Species (state) ZC? (kcal/gfw) Reference

0.8

0.6

o.4

0.0Zn2+ (aq)
ZnO (c)
Znol- {aq)
ZnOH+ (aq)
HZnOI (aq)
Zn(OH), (c)
ZnS (c)
ZnCO3 @)

- 35. 15

-76.08
- 91 .84

- 78.90

- 109.42

- 132.36

- 48.1 1

- 174.84

Wagman et al. (t982)
Wagman et al. (1982)
Wagman et at. (1982)
Wagman et al. (19g2)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

Abbreviations see Table l

uz4tiBl0 12 14
pH

Fig. 24. Eh-pH diagram for parr of rhe system Zn_O-H_S_C.
The assumed activities for dissolved species are: Zn = 1O-6, -0, C: iO:l, S : tO ,

See text for discussion

SYSTEM Zn-O-H-S-C
25"C, '1 bar

znQz'?-
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CADMIUM

The Eh-pH diagram for cadmium species is shown in Fig. 25. The ther-
modynamic data for important cadmium species are given in Thble 23.

The Eh-pH diagram for the system Cd-C-S-O-H (Fig. 25) is fairly similar
to that for the system Zn-O-H-S-C (Fig. 24) which is to be suspected based on
their geochemical similarities. In Fig. 25, aca: 10-8 is assumed for all
boundaries involving dissolved Cd. Below the sulfide-sulfate boundary, a large

field of CdS (greenockite) exists, although in nature much of the Cd under
these conditions is camouflaged by Zn in minerals such as sphalerite. Above
this boundary, Cdz* occupies alarge Eh-pH field under slightly basic to very
acidic pH. At higher pHs, CdCO3 forms, then Cd(OH)2, and then aqueous

CdOl-. Brookins (1986a) has published a preliminary Eh-pH diagram for Cd
species for 25 oC, I bar; and he (Brookins 1979) has also calculated the 200'C,
1 bar diagram in conjunction with studies of the Oklo Natural Reactor,

Gabon.

Table 23. Thermodynamic data for cadmium

Species (state) /G? (kcal/sfw) Reference

il
E

I

I
i

I

!
I

i

i

f,

Cd2+ (aq)
Cd(oH)2 (c)
CdS (c)
Cdol- (aq)
CdCO3 (c)
CdSOo (c)
Cdo (c)

- 1 8.55

- 113-19

-37.40
-67.9'7

- 160.00

- 196.33

- 54.59

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et a!. (1982)

Abbreviations see Table 1

PH

Fig. 25. Eh-pH diagram for part of the system Cd-C_S_O_H"
The assumed activities for dissolved species are: Cj= f O r, C: f O-{ S:

See text for discussion
l0-3

cdco3

56
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MERCURY

The Eh-pH diagram for mercury species is shown in Fig. 26. The ther-
modynamic data for important mercury species are given in Thble 24.

Mercury species in the system Hg-S-O-H arc shown by solid lines in Fig.
26. Dashed lines are used to show fields for HgCll and Hg2Cl2 (calomel), if
Cl is added to the Hg-S-O-H system. In the absence of Cl, the oxidizing, acidic
part of the Eh-pH diagram is occupied by mercurous ion Hgj- and mercuric
ion Hgz* " Most of the Eh-pH diagram above the sulfide,sulfate boundary is
occupied by a large field of native Hg. Montroydite (HgO) forms from native
m€rcury at higher redox between pH : 5.4 to 10.6. Montroydite dissolves to
form HHgOf . For dissolved Hg with an activity of 10-e, the fields of mer-
curous and mercuric ions are replaced by the chloride species of Hg as shown
(acr : 10 3 5;, showing the importance of Cl on mercury transport under ox-
idizing" acidic conditions.

Previous diagrams for the system Hg-O-H-S-CI have been given by Parks
and Nordstr<)m (1979).

Table 24. Thermodynamic data for mercury

Species (state) /Gf (kcal/gfw) Reference

r,i

t
*
fr

#

I
ii

&

&
ET

s
$

',
'i

c,i

I

- 0.2
_c
ul

0.8

0.6

o.4

0.0

He3o (aq)
Hg2* (aq)
HgOHr+ (aq)
HHsOt (aq)
HeS (c)
HgSS- (aq)
HeO (c)
HgrCl, (c)
HeCl? (aq)

+36.69
+39.29
- 12.50

- 4s.48

- 12.09
+ 41.9O

- 58.56

- 50.38

- 106.79

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

Abbreviations see Table 1

$
:i

{
z

_ Fig. 2.6. Eh-pH diagram for part of the sysrem Hg_O_H_S_CI.
The assumed activities for dissolved species are: Hg: I$-s, Cl = -:.s, S: l0-l

See text for discussion

HgCl?-
----__-_-'s_-__

SYSTEM Hg*o-H-
25"C, '1 bar

HHgO,
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COPPER

Three Eh-pH diagrams for copper species are shown as Figs. 27 -29. The ther-
modynamic data for important copper species are given in Thble 25.

The simple system cu-o-H Eh-pH diagram is shown in Fig" 27. An activity
of dissolved Cu = 10 6 is assumed. The diagram is characterized by a large
field ol native copper under reducing conditions, but note that this field persits
above the hypothetical sulllde-sullate boundary (see Fig. 1). Native copper ox-
idizes to cupric ion, Cu2*, under acidic pH, then to cu2o (cuprite). cuprite,
in turn, oxidizes to cuo (tenorite) under higher Eh conditions. At very high
pH, Cuo dissolves to form cuo2 , and cuprite oxidizes to this species as well.

In Fig. 28 the phase relations in the system cu-S-o-H are shown. Here, two
important sulfides appear below the sulfide-sulfate boundary. Chalcocite
(Cu2S) and covellite (CuS) both occupy significant parts of the Eh_pH
diagram. Note, however, that above the sulfide-sulfate boundary, as sulfate
forms from s(*II), cul* from chalcocite is reduced to native copper. The
relative fields of Cu2o, cuo, cuol-, and most of the cu2* field are identical
to those shown in Fig. 27.

Figure 29 shows the phase relations when C is added. Malachite is the most
important cupric carbonate in the system Cu-c-S-o-H, as azurite is metastable
to it. Malachite (cu2(oH)2co,) replaces rhe tenorite fields (Figs. 27 and 2g),
and forms from cuprite as indicated. Two contours for a.: 10-l and 10 3 are
shown in Fig. 29. The fields of cuS, Cu2S, and native cu are identical to
those shown in Fig. 28.

Numerous diagrams for copper species have been published previously, in-
cluding those by Garrels and christ (1965), Anderson (lgg2), and others. If
Fe is added to the Cu-c-S-o-H system, additional complexities arise, including
phases such as chalcopyrite (cuFes) and bornite (curFeSa), and two Eh-pH
diagrams for the system cu-Fe-c-S-o-H are given in carrels and christ (1965;
pp. 231,232).

Table 25. Thermodynamic data for copper

Species (state) lGl(kcal/gfw) Reference

3
c
LU

0.8

0.6

0.4

o.2

0.0

-o 86
12

Cu (c)
Cu r (aq)
Cu2* (aq)
Cu,,S (c)
CuS (c)
CurO (c)
CuO (c)
Cuol (aq)
Cur(COr)(OH), (c)
Cur(COr)r(OH), (c)

0.00
+ 11 .94
+ 15.65

- 20.60
12.81

- 34.98

- 31 .00

- 43.88

- 213.58

- 314.29

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Garrels and Christ (1965)
Wagman er al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

pH

Fig. 27. Eh-pH diagram for part of the system Cu_O-H.
The assumed activity for dissolved Cu = 10-6. See text for discussion

SYSTEM Cu-O-H
25oC, 1 bar

60 Abbreviations see Table 1
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PH

Fig. 2E. Eh-pH diagram for part of the system Cu-S-O-H.
The assumed activities for dissolved species are: Cu: 10-6, S = l0-3

See text for discussion

pH

Fig. 29. Eh-pH diagram for part of the sysrem Cu,C-S_O-H.
The assumed activities for dissolved species are: Cu: 10-6, S = 10 3, C = l0-r, l

See text for discussion

SYSTEM Cu-C-S-O-H
25"C,'1 bar
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The Eh-pH diagram for silver species is shown in Fig. 30. The thermodynamic
data for important silver species are given in Thble 26.

The system Ag-S-o-H in Eh-pH space is dominated by a very large field
of native silver. Under reducing conditions, Ag2S (argenit.) o..rii., a major
part of the Eh-pH space as welr. Note in Fig. 30 that native Ag cancoexist with
S(- II) and S(vI) aqueous species as a function of Eh. At trigh rh, Ag oxidizes

lo_Ae* or Ag(OH)2 
-(aae:10-8). When Cl is added to ttre-syitem ag_

S-O-H, a field of AgCl2 replaces much of the field for Ag+ (a.,: tO 3-5,

showing the importance of dissolved Cl on Ag transport undei'oxidizing,
acidic conditions.

t\
SILVER

Ihble 26. Thermodynamic data for silver

ti

0.8

0.6

0.0

Fig. 30. Eh-pH diagram for part of the system Ag-CI-S_O_H.
The assumed activities for dissolved species are: Ag: 16-t, S: l0-3, Cl: 1g-:.s

See text for discussion

Species (state) /G! (kcallcfw) Reference

- 4.2
_c
ul

Ag2* (aq)
Ag* (aq)
AgrO (c)
Agro, (c)
AgrO. (c)
Ag(oH)f (aq)
Ag2S (c)
Agclf (aq)

+ 64.29

- 18.43

-2.68
+ 6.60

+29.01
- 62.19

-9.72
- 51 .48

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

Abbreviations see Table 1
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The Eh-pH diagrams for gold species are shown in Figs. 3l and 32. "lhe ther-
modynamic data for important gold species are given in Thble 27.

Gold species are shown in the Eh-pH space in Fig. 31, and, as expected,
native gold occupies essentially all of the Eh-pH space. yet this diagram, which
intentionally includes dissolved cl as well, illustrates that some goid t.u.,rport
is possible under very acidic, most oxidizing conditions (u., : t0-rr). i'rr-
ther, increasing the activity of dissolved cl will enlarge the fielcls for AuCIX
and AuCl2 . This is shown in Fig. 32, where act: l0-r coupled wiih
&au = l0-12 shows a large amount of Eh-pH occupied by Au-chloride com-
plexes.

Irurther, gold transport may also occur by sulfide complexes (Garrels and
Christ 1965).

GOLD

Thble 27. Thermodynamic data for gold

ON
oo

!

(o$
oo

N
o

(A) ql
Species (state) /Gf (kcal/gfw) Refererce

Auo (c)
Au(OH), (c)
AuO{ iaqt
HAubl- (aq)
HrAuOl- (aq)
Auclj (aq)
Aucll- (aq)
HAuClo (aq)
AuO, (c)
Au(CN)j- (aq)
Au(SCN)j- (aq)

0.00

- 75.75

- 12.38

- 33.99

- 52.t'7
36.12

- 56.20

- 56.20
+ 48.00

68.31
60.21

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Garrels and Christ (1965)
Wagman et al. (1982)
Wagman et al. (1982)

Abbreviations see Table 1
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- 10.90

- 50.60

- 106.88

- 19.00

- 181.57

- 146.39

- 54.40

- 83.46

0.8

0.6

0.4

0.0

tl
NICKBL

The Eh-pH diagrams for nicker species are shown in Figs. 33 and 34. The ther_modynamic data for important nictel species are given in Table 2g.In the sysrem Ni-o_H a1d for u*, = lb;;.i;_?Gj;:';r,?"rJl;, narrowfield of Ni(oH), (pH 8-,r2. o. sl"irt ,".0ur1,.. a rarge fierd of Niz+ fromHNiot ' Thus, nickel mobilitv in ,uiirr"--JJ. ,rr,.*, under near-neutrar toacidic conditions is obvious- rr,- i-p..i"ilJ or S is shown in Fig. 34, wherea large fierd of m,lerite tNisr r".".r";;;* the surfide_surrut? iourau.y(as: l0-3). Not shown in Figs. 33 unJ:o urJrire species NlOn; uri.N'CO3,as borh are merastable-to, ii2* ."il Ni6;)2, respectively. Unlike cobalr,nickel does not form a stable carbonate ffies.

Thble 28. Thermodynamic data for nickel

Species (state) /c? (kcaUefw) Reference

Ni2* (aq)
NiO (c)
Ni(OH), (c)
NiS (c)
NiSOo (c)
NiCO, (c)
NiOH+ (c)
HNio; (aq)

S- 0.2
-c.
TU

Wagman er al. (19g2)
Wagman et al. (t9g2i
Wagman et al. (1992)
Wagman et al. (1982i
Wagman et al. (19g2)
Wagman et al. (r982i
wagman et al. (tgg2)
Garrels and Christ (1965)

Abbreviations see Table I

12
pH

^ 
Fig. 33. Eh-pH diagram for part of the system Ni_O_H.Assumed activity of dissolved Ni : l0-4,-.. S". i.-i for discussion

\

SYSTEM N|-O_H
25oC, 1 bar
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The Eh-pH diagram for cobalt species is shown in Fig. 35. The thermodynardata for important cobalt species are given in Table 29.
Phase relations in the system Co_S-C_O_H are shown in Fig. 35 forfollowing assumed activities: aco: I0 6, oc: l0 r, a": f O:j.-C"oUult unickel are often cited as a geochemical pair ixhibiting near-idear substitutlfor each other. This is indeed apparent in igneous rocks and in high templture magmatic surfides andin many metamorphic rocks. In tt. ,r"u?-io-rr.r,environment, however, differences are apparent as ,rustrated by compariFig' 35 for co with Figs..33 and 34 for \ii'species. Cobalt possesses a co(Ivalence, and a large field of CorOa occurs unaer oxidizing, ,r.ri.uf-,o UupH (Fig. 35). tn addition, cobalt forms a stabre .u.uorrutl'1rpn".o.ouur,i

CoCo3), whereas nickel.does not (cf. Figs. 33 and 34 *itt :s). ilri"g 
"ra 

tnmodynamic data, Garrels and Christ 1t IOS; frurr. reported Eh_pH diagrams INi and Co species showing a stable fietd for Ni3Oo and CqOfiir,l*?*rir.The data in Thbles 2g (N, and 29 (Co) are better, however, and these specido not appear in the water stability ii"ta. co10u)3 0xidizing f.o.n corlyields Eh : 1-76-0.059 pH, for examprg we, above the upper stability limitwater. Data for Ni3On (Garrels and Christ 1965; see pti. l.iii,i, pp.24245) are not given. The boundary berween Ni(OH)z 
""J Ni<irf)r, irr*.*yields Eh : 1.5-0.59 pH, again *.ll ubor. the upper stability limit of wate

COBALT

Thble 29. Thermodynamic data for cobalt

Species (state) /CP (kcat,/sfw) Reference

2 4 6m
pH

Fig. 34. Eh-pH diaeram for part of the system Ni_O_H-S.Assumed activities for di-ssolved .p..i.r rr.,-Ni=j; '.._6, 
S : l0_ 3

See text for discussion

Co2+ (aq)
Co.3+(aq)
CoO (c)
Coroo (c)
HCoO, (aq)
Co(OH), (c)
CoS (c)
CoCO3 (c)
Co(OH), (c)

- 13.00
+32.03
- 51.20

- 184.99

- 82.97
* 107.53

- 19.80

- 155.57

- 142.60

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (,9g2)
Wagman er al, (t9g2)
Garrels and Christ (1965)
Wagman et al. (19g2)
Garrels and Christ (1965)
Carrels and Christ (1965i
Carrels and Christ (1965)

SYSTEM Ni_O_H_S
25oC, 1 bar

HNiO;

70

Abbreviations see Table I
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IRON

1.0

0.8

0.6

o.4

Fig. 35. Eh-pH diagram for part of the system Co-S-C-O-H.
Assumed activities for dissolved species are: Co:10-6, C:10-3, S: l0-3

See text for discussion

The Eh-pH diagrams for various iron species are given in Figs" 36 through 42

The theimodynamic data for important iron species are given in Table 30.

Several Eh-pH diagrams for the system Fe-(+c)-(+$)-o-H are presente(

here. Figure 36 shows the phase relations in the simple system Fe-O-H assum

ing Fe(OH)3 is the stable ptase for the Fe(III) precipitate l'-t-th-tt only Fe3'

is considered of the many Fe(IlI) aqueous species [FeOH2n ' Fe(OH)i

Fer(OH)]+, etc.l, but this is justified since the total field of aqueous Fe(IIl

,p""i", is in the small Eh_pH field shown in Fig. 36. The assumptior

ar.t: 10-6 is also used. This figure is characterized by a large field o
f"iOUl,,, a large field of Fe2+, and under reducing, basic conditions' a fiel'

of Fe(OH)2. Magnetite is not considered in this diagram"

Addition of C to the simple Fe-O-H system is shown in Fig" 37" Here'

small field of FeCO3 appears in the pH range of 6'8 to 9'4' separating Fe2

from Fe(OH)2, and encroaching slightly on the Fe(OH)3 field' Agair

magnetite is not assumed in this diagram'
.fhe effect of adding Si to the system Fe-o-H, as the field of Fe(oH)2

replaced by FeSiO3, is ihown in Fig' 38' Fe(OH)3 is again considered as th

staUte fe(ttt) phase, and magnetite is again assumed to be absent'

Figure 39 shows the phase relations in the system Fe-Si-O-H' now conside

ing m"agnetite (Fe II, tlt; as well as Fe(II) and Fe(III) phases" With Fe(OH

ugui.r 
"hor"n 

as the stable Fe(III) phase, a very large magnetite field.appear

K-lein and Bricker (1977) have used a similar diagram to comment on the origi

of banded iron formations. The FeSiO3 field replaces the Fe(OH), field <

Fig. 36. To a first approximation, the FeSiOs field can be assumed to be clor

tolnut for Fe(II) silicates found in banded iron formations'

AnotherversionoftheFe-o-H.Sisystem(Fig.a0)considersFeo.o
(goethite)asthestableFe(III)phase.Magnetitestillexists,separatingFeSi(
iiom goettrite, but its nh-pH stability field is much smaller than wht

Fe(OH)3 is considered (Fig. 39).

Addition of C to the F;-Si-O-H system with FeO'OH as the stable Fe(II

phase is shown in Fig. 41, with, similar to Fig. 37, the siderite field separatil
'F.r* f.o* both Feloa and FeSio3, and encroaching slightly into the Feo'o
field.

Finally, the effect of sulfur on the Fe-O-H system is considered in Fig' 4

Here,thereducingconditionsbelowthesulfide.sulfateboundaryyieldalar
fieldofpyritewhich,alongwiththeverysmallpyrrhotitefield(at.highestp
and moit reducing conditions), obliterates most of the magnetite field and I

the FeSiO3 [or Fe(OH)z] field, and also the field of FeCO3' Hematite (Fe2C

is shown as the stable e"Gffl phase, since both Fe(OH)3 and FeO'OH will a

- 0.2
_c.
LU

0.0

-o.2

-0.4

-0.6

SYSTEM Co-S-C-O-H
25"C, 1 bar

CoCOs

72
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to Fe2o3 (although the kinetics for this aging may be very slow). Figure 42 is
the standard reference diagram for Fe species. Garrels and christ liros; ana
Diever (1982) have presented numerous diagrams fbr Fe systematics, ancl the
reader is referred to their work for more detail. They point out, for example,
that even when S activity is greatly reduced (to near r0 5, a small field of
pyrite still exists in the neutral pH range along the sulfide-suifate boundary,
demonstrating its widespread occurrence over widely differing chemical condi_
tions.

other Fe Eh-pH diagrams have been given by Hem (1977) and more recent-
ly by winters and Buckley (1986) who advocate consideration of aqueous
FeSi3O3(OH)! as an important species.

Table 30. Thermodynamic data for iron

1.0

0.8

0.6

0.4

0.2

0.0

-o.2

-0.4

-0.6

Species (state) /C?(kcal/gtw) Reference

Fe2* (aq)
Fe3+ (aq)
FeOr2- (aq)
FerO3 (c)
FerOo (c)
Fe(OH), (c)
Fe(OH), (c)
FeO'OH (c)
FeS, (c)
FeS (c) '.'
FeSiO. (c)
FeCO, (c) -
FeSirOr(OH)$ (aq)

- 18.86
* 1.12

- 70.58

- 177.39

-242.69
- 166.47

- 116.30

- 116.77

- 39.89
*24.N

*267.16

- 159.34

- 898.00

Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)
Winters and Buckley (1986)
Robie et al. (1978)
Wagman et al. (1982)
Wagman et al. (1982)
Winters and Buckley (1986)
Winters ar:r1 Buckley (1986)
Winters and Buckley (1986)

u
-ctll

Abbreviations see Table I

Fig. 36. Eh-pH diagram for part of the system Fe-O-H assuming Fe(OH).
as stable Fe(tII) phase. Assumed activity of dissolved Fe: l0-6.

See tel(t for discussion

SYSTEM Fe_O-H
25oC, 1 bar

Fe (OH),

11
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The Eh-pH diagram for platinum species is shown in Fig. 46. The thermodyna-
mic data for important platinum species are given in Table 34.

Platinum species present in the terrestrial environment include native
platinum, platinum oxide-hydroxide, and platinum sulfides. Under the sulfide-
sulfate boundary, PtS (cooperite) and ptS2 0ccur as shown. As in the case of
several other metals (i-e-, mercury, silver, copper, other platinoids), when
sulfide is oxidized to sulfatg the metal ion in the sulfidei is reduced as a
counterbalancing attempt to the oxidation. The field of native pt in the Eh-pH
diagram is immense- At high Eh pt(0) oxidizes to pt(oH]2 and then to pto2
near the upper stability limit of water. A small field of pt2i occures under ex_
treme acidic and highly oxidizing conditions.

Previous diagrams for pt include those by pourbaix (1966) for metal-water
systems, and by westland (1981) and Brookins (1997b) for metal-water-sulfur
systems. These diagrams are crose to each orher and to the one presented here,
although Wesrland (1981) uses pto.xH2O insread of pt(OH)2 and
PtO2.xH2O instead of ptOr.

PLATINT]M

Thble 34. Thermodynamic data for platinum

=E
tll

0.6

o.4

0.2

0.0

Species (state) AGo, (kcaugfw) Reference

PtS (c)
PtS2 (c)
Pt(OH), (c)
PtO2 (c)
Pt2n (aq)

-21 .6

-25.6
- 68.2

-20.0
+ 54.8

Latimer (1952)
Latimer (1952)
Latimer (1952)
Pourbaix (1966)
Pourbaix (1966)

Abbreviations see Table 1

10
pH

Fig. 46. Eh-pH diagram for part of the sysrem pr-O-H-S.
Assumed activities for dissolved species are: Pt: l0-8, S: 10-l- See text for discussion

SYSTEM Pt_O_H-S
25oC, 1 bar

p
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MANGANESE

The Eh-pH diagrams for manganese species are shown in Figs. 49 and 50. The

thermodynamic data for important manganese species are given in Thble 37.

Figure 49 shows the Eh-pH phase relations in the system Mn-O-H. Much

of the field is occupied by Mn2+, and the oxides and oxyhydroxides of Mn

become important only under basic pH except at high Eh. Under surface to

near-surface weathering conditions, various MnO2 polymorphs (pyrolusitg

todorokite, etc.) form. The MnO2 field is important as it explains the abun-

dance of Mn-oxide stains and dendrites on weathered surfaces'

Figure 50 shows the effect of,adding both S and c to the Mn-o-H system.

The assumed activities are 10-3 for Uottr dissolved S and C, and 10-5 for

dissolved Mn. The field of MnCO3 (rhodochrosite) is important as Mn in
MnCO3 can be fixed with cogenetic sulfides or just above the sulfide-sulfate

boundary. The field of MnS (alabandite) is very small, attesting to the rarity
of MnS in nature. Manganese compounds are often quite impure, containing

iron and other elements.
Previous Eh-pH diagrams for Mn species include Garrels and christ (1965)

and Hem (1981).

Table 37. Thermodynamic data for manganese

Species (state) /Gl (kcal/gfw) Reference

,D

1.0

0.8

0.6

0.4

0.0

-0.2

-4.4

-0.6

- 0.2
_c.
LrJ

Mn2* (aq)
MnO (c)
MnO, (c)
MnrO3 (c)
MnsOa (c)
MnOH+ (aq)
Mn(OH), (c)
Mn(oH)i (aq)
MnS (c)
MnCOr (c)

- 54.52

- 86.74

- 111.11

- 210.59

- 306.69

- 96.80

- 146.99

- 117.87

- s2.20

- 195.20

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)
Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Wagman et al. (1982)

Abbreviations see Table 1

Fig. 49. Eh-pH diagram for
Assumed activity for Mn :

part of the system Mn-O-H.
10 6. See text for discussion
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CHROMIUM

The Eh-pH diagram for chromium species is shown in Fig. 55. The ther-
modynamic data for important chromium species are given in Table 40.

Much of the Eh-pH space (Fig. 55) is occupied by insoluble Cr2O3. This
species dissolves to form CrOH2* slightly below pH : 5 (Cr activity: 10-1,
and to form CrO2 above pH 13.5. Cr(III) oxidizes to form Cr(VI) as HCrOf
and CrOl ions at high Eh. Cr(VI) species are known carcinogens, and it is
noted that both HCrOf and CrOl- occupy fairly large Eh-pH fields. Various
chromates are known in nature (crocoitg etc.). Cr2O3 is rare in nature as most
Cr(III) is incorporated into chromites or other chromian spinels.

Table 40, Thermodynamic data for chromium

Species (state) /C! (kcal/gfw) Reference

1.0

0.8

0.6

0.4

0.0

Cr3+ (aq) -51.50
Cr2O1 (c) -252.89
Cr(OH)2+ (aq) - 103.00
Cr(OH)r+ (aq) - 151.20
CrO[ (ad - 128.00
CrOi (aq) - 173.94
HCrOo (aq) - 182.7'7
CrrOl (aq) - 310.9'7

Barner and Scheuerman (1978)
Wagman et al. (1982)
Latimer (1952)
Carrels and Christ (1965)
Garrels and Christ (1965)
Wagman et al. (1982)
Wagman et al. (1982)
Wagman et al. (1982)

- 0.2
.E
uJ

Abbreviations see Table 1

pH

Fig. 55. Eh-pH diagram for part of-the system Cr-O-H"
Assum*ed activity of dissolved Cr: 10-5. See text for discussion

SYSTEM CT-O_H
25"C, 1 bar



d
.\

MOLYBDENUM

The Eh-pH diagram for molybdenum species is shown in Fig. 56. The ther-
modynamic data for important molybdenum species are given in Table 41.

Important phases in the system Mo-S-O-H are shown in Fig. 56. The
species MoS2 occupies the sulfide-stable part of the diagram, and aqueous
species dominate under sulfate-stable conditions, except for a small field of il-
semannite (Mo3Os). Mo species in natural waters under oxidizing conditions
occur as various Mo(V VI) oxyions. It is transported with similar ions, i.e., U,
Se, V, As oxyions, and, when chemically reducing conditions are encountered,
these various oxyions are replaced by insoluble, lower valence compounds.
Thus, Mo is incorporated into the cryptocrystalline variety of molybdenite
called jordisite (Brookins 1977). Similarly, the other ions yield separate com-
pounds of other elements, i.e., U in pitchblende or coffinitg Se in native Se

or in Fe(S,Se)r, V in oxides or clay minerals, and As in sulfides. If subsequent
oxidation encroaches on this group of compounds, then they tend to be

segregated" Mo may be enriched by such a secondary process or, alternately,
may be distributed but still enriched over background, thus making it an useful
metal for geochemical U prospecting.

Molybdenum is a known toxin, and responsible for fairly widespread dis-
ease among cattle. Because Mo is enriched in uranium ores, some Mo
separated from the ore during the milling process accumulates on the mill tail-
ings piles area. As shown in Fig. 56, Mo is very soluble under high Eh condi-
tions, and can migrate easily in the presence of water. Hence, mill tailings piles
must be carefully monitored to ensure against Mo loss.

Table 41. Thermodynamic data for molybdenum

Species (state) /G!(kcal/gfw) Reference

3
uI

HMoOt (aq)
Moo!- (aq)
MoS2 (c)
MorO3 (c)
MoOr+ (aq)
MoO, (c)
MoO. (c)

- 213.60

- 199.88

- 53.99

- 480.00

- 122.80

- 127.39

- 1s9.65

Carrels and Christ (1965)
Wagman et al. (1982)
Wagman et al. (1982)
Titley and Anthony (1961)
Gerasimov et al. (1963)
Wagman et al. (1982)
Wagman et al. (1982)

Fie. 56. Eh-pH diagram for part of the system

Ar;;;i;Ji'ities for dissolved species are: Mo =
See text for discussion

Mo-S-O-H.
,O_r, 5 = 10-3

r04

Abbreviations see Table 1
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TANTALUM

The Eh-pH diagram for tantalum species is shown in Fig. 60. The ther-
modynamic data for important tantalum species are given in Table 45.

Like Nb, only Ta(V) is important in nature. However, unlike Nb, in the
system Ta-O-H a moderate field of Th02* occurs below pH: 5. Th2O5 is
stable over all Eh at higher pH. While most Th is contained in tantalate-niobate
salts, weathering under mildly to more pronounced acidic conditions may
release Ta(V) as TaOi.

Thble 45. Thermodynamic data for tantalum

Species (state) /G! (kcal.zgfw) Reference

0.8

0.6

0.4

0.0

TaOr+ (aq)
TarO, (c)

- 201.39

- 456.79
Wagman et al. (1982)
Wagman et al. (1982) - o.2

-c
tUAbbreviations see Table 1

SYSTEM TA-O_H
25oC, 1 bar

Fig. 60. Eh-pH diagram for part of the system- Th-O-H'

Assum-ed activity of dissolved Th = 10-8' See text for discussion
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PLUTONIUM o

Table 52. Thermodynamic data for plutonium

Species (state) AGI (kcaugfw) Reference

oECD (1985)
oECD (1985)
oECD (1985)
OECD (19S5)
oECD (1935)
oEcD (19s5)
oECD (1985)
oECD (1985)
oECD (1985)

Atrbreviations see Table I

I<

The Eh-pH diagrams for plutonium species are shown in Figs. g2 and g3. Thethermodynamic data for irnportani;i;a.t;^ species are given in Table 52.The most commonly. produced Br,_pH a.ug- * f.. pl;;;;;m species isshown in Fig' 82 for tt. rvrt.* n;-Ic;i-H. uost or the stability fierdof warer is covered by puo2, *ri,1i,i'rrainate fields ,i;;fi- and verysmall fields of pu4+_,^ ploi,-una p"iOril;. The pu_carboriut. 
"o*pt"*,Puo2(oH)2col-, pr1t"s abo-ve the- rpoJ. riru,ity.rimit for warer (assumingactivities of: apu = l0 

..:, ac: t0-). Th;; laige stabitity field of puo2 a*esrsto the extreme immob,ity-:Lor i" 
"uiur",'i"ch as at the oklo Naturar Reac_tor' Gabon (Brookins 1984). Furthe.,-;;rttd of dissolved pu musr be loweredtorunrealistic revers before there is "r "pp*"i"ur. ai-i"irrri.rorin. 

"ro,In Fig. 83, however, in the system pu_O_H_C, if pu(OH)a is chosen as thepreferred pu(IV) solid, the diairam ir rt.itirrerv different. Here, the soridsPu(OH)a and Pu,(Co3)3 are ,r6o.airuti-r;"pr,, and pu(OH)i. The fieldsof Pua* and pu6r* remain.smari.-it.-i*o.rtance of this diagram is thatunder high water to rock ratios, p, *"v ueinou,e if pu(oH)a is formed in-stead of puO2. It must be 
"-pfrurir.i, 

-ho*"r.r, 
that pu(OH)a wiII agequickly to PuO2 in most naturai settings.

Previously pubrished Eh-pH airg.urir'r.r pu species include those by theauthor (Brookins 1g7gb_, c, 19g4),"i"*ir. 
"rO 

Tremain (19g0), and Kraus_kopf (1986)' The data of rable sz'ir. p."ii[d or.. data used in these earrierstudies, however; hence, Figs. g2 u"a ti,i""ld be referenced hereon.
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Finally,intheabsenceofdissolvedC,coffiniteshowsastabilityfield
below pH :7. Hence, coffinite would not be expecled in the hematite-pit-

chbtende high-grade sedimentary ores, and this is consistent with observation'

Similarly, under acidic reducing conditions and in carbonate-poor en-

vironments, coffinite maY form.
Numerous Eh-pH diagrams for U species are present in the literature. ln

addition to the author's pievious efforts (Brookins 1976a, 1977, 1978b, 1979a,

c, 1982,1984), there u..ihou" presented by Garrels (1959)' Garrels and Christ

(igOS),.Langmuir (1978), and kmire and Tiemain (1980)' The reader is refer-

i"O to it 
"r.iources 

for more detail. Not covered in Figs. 87 -91 are the several

U(VI)solidspecies;thesehavebeendiscussedbyGarrelsandChrist(1965)'
Brooicins (1981), and in great depth by Tiipathi (1984)'

Table 54. Thermodynamic data for uranium

Species (state) /G! (kcal,zgfw) Reference

UO2 (c)
u(oH)l (aq)
U3Os (c)
Uo3* (aq)
uorco, (c)

Uo2COj (1q)
Uor(Cor)j- (aq)
UOr(cO1)1- (aq)

USiOa (c)

-246.62
-389.77
- 805.35

-227.66
- 373.50

- 167 .5'.1

- 502.9'7

- 63s.57

- 445,00

oECD (1e85)

oECD (198s)
OECD (1985)

oECD (1985)

OECD (1985)

oECD (1985)

oECD (1985)

OECD (1985)

Langmuir (1978)

Abbreviations see Table I

pH

Fig. 87. Eh-pH diagram for part of the system U-C-O-H with part of the system Fe-S-O-H

suPerimPosed'

Assumed activities fo' Ji'ioW"a' species are: U : 10-6' -8' -r0'

C: l0-3, Fe: l0 ;'|'= ig ' Area-marked..U Orefuom Brookins (1982)'

See text for detatls
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