Chapter 5

A Novel Approach to the Presentation
of pe/pH-Diagrams

M. Kélling, M. Ebert & H.D. Schulz

5.1
Introduction

Classical pe/pH-diagrams have been constructed assuming an equilibrium be-
tween pairs of coexisting species. These conditions yield equations for straight
lines where both species show equal activity, separating the pe/pH-diagram into
fields in which one or the other species predominates. These diagrams are usually
constructed for systems of low complexity, e.g. an aqueous system with fixed
element compositions, at fixed pressure and temperature. Usually, both solid
phases and dissolved species are presented in one diagram, in which the stability
fields for one or more solid phases are shown.

This simplified diagram conceals some important information which is con-
tained in the underlying calculations for its construction. Although we might be
interested to learn which aquatic species are predominant in a solution under con-
ditions at which thermodynamics favours the formation of certain minerals, we do
not perceive the distribution of dissolved species in this region. The diagram in
Figure 5.1 predicts that magnetite is not stable at pH =7 and pe =10. Yet, in a
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superficial neutral oxic environment magnetite will usually not transform to hema-
tite as it possesses long-term stability.

5.2
Construction of pe/pH-Diagrams

We are able to construct diagrams as shown in Figure 5.1 using the appropriate
NERNST equations of redox reactions related to the mineral of interest. The dia-
gram in Figure 5.1 actually is composed of two diagrams showing the stability of
magnetite and hematite in water, with a total iron activity of 10® M.
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Fig. 5.1: Classical pe/pH composite diagram after GARRELS & CHRIST (1965) showing the
stability fields of hematite and magnetite in water. In areas where none of the considered miner-
als are stable, the fields of dominant dissolved species are shown. The total activity of dissolved
iron is 10 M.

One species distribution visible in this diagram is described by the reaction be-
tween Fe*" and Fe'":
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Fe®* <> Fe* +¢

[Fe™]
= 1
pe=13+ Og([Fe“J

(5.1)
pe=13 for[Fe’"]=[Fe*"]
The stability field of hematite is delimited by the reaction with Fe’":

Fe,O, + 6H" <> 2Fe’* +3H,0
log[Fe**]=-0.72 - 3pH (5.2)
pH=1.76 for log[Fe’"]=-6

and by the reaction with Fe*":

2Fe* +3H,0 <> Fe,0, + 6H" +2¢
pe =12.34 - log[Fe**]- 3pH (5.3)
pe=1834-3pH for log[Fe*']=-6
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Fig. 5.2: pe/pH-diagram for hematite in water with log [Fer] = -6. Graphical representation of
reactions (5.1), (5.2), and (5.3).
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Performing the same calculations for magnetite in water we get:

Fe,0, +8H" <> 3Fe’ +4H,0 +¢’

pe=5.71+3log[Fe’* ]+ 8pH (5.4)
pe=-12.29 +8pH for log[Fe’*]=-6

2Fe* +4H,0 <> Fe,0, +8H" +2¢

pe=16.61-1.5log[Fe**]-4pH (5.5)
pe=25.61-4pH for log[Fe**]=-6
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Fig. 5.3: pe/pH-diagram for magnetite in water with log [Fer] = -6. Graphical representation of
reactions (5.1), (5.4) and (5.5).

Superimposing Figures 5.2 and 5.3 we get the composite diagram in Figure 5.4.
The delimiting line between magnetite and hematite in Figure 5.1 is equal to line
(5.6) in this diagram following

pe=3.8-pH (5.6)

It should be noted that opposed to the classical diagram from GARRELS &
CHRIST (1965) there are four fields of mineral stability. There are two fields in
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which both hematite and magnetite are stable, i.e. both minerals will not be dis-
solved in water at the given iron activity.
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Fig. 5.4: Composite diagram of hematite and magnetite stability in water at log [Fer] = -6.
Graphical representation of reactions (5.3), (5.5) and (5.6).

In the upper field the water is more supersaturated with respect to hematite and
therefore magnetite should thermodynamically be transformed into hematite while
in the lower field the magnetite saturation is dominant. There are only small trian-
gular fields in the pe/pH-diagram in which only hematite or magnetite are stable in
water. Therefore, either one of the minerals will be dissolved.

The difference between the diagrams shown in Figures 5.1 and 5.4 is that min-
eral stability fields of classical diagrams actually demonstrate mineral saturation
predominance fields. Yet, in the major parts of the hematite and magnetite fields
shown in Figures 5.1, the concurring mineral is stable as well. If we are interested
in interactions between water and minerals rather than in re-crystallisation within
mineral parageneses, a representation as in Figure 5.4 is a better tool to assess
expected reactions in water.
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5.3
Disadvantages of Classical pe/pH-Diagrams

The construction of pe/pH-diagrams for more complex systems is cumbersome.
Usually calculations are performed for pure four- or five-component systems.
Therefore such diagrams often are poor approximations to the system of interest.

The construction of straight lines from the condition of equality between two
species is illicit. Especially in regions where two lines meet, highest activity of a
species may not be correctly calculated from species pairs, since all possible spe-
cies have to be taken into account. Therefore, within the stability field of one spe-
cies, the condition "activity of species A > activity of species B" has to be replaced
by "activity of species A > activity of all other species". In a three-dimensional
pe/pH-activity-diagram, each species activity is plotted as a bent surface, with the
uppermost surface representing the dominant species. The intersecting lines be-
tween different surfaces are equivalent to the borders of dominance fields in the
classic pe/pH-diagram. Taking all possible species for every stability field border
into account, these borders are no longer strictly straight lines.

pe/pH-diagrams with rounded predominance field borders have been published
(GARRELS & CHRIST, 1965; KRAUSKOPF, 1979). Here, the curved borders result
from the fact that the pH dependence of species distributions has been taken into
account for carbon and sulfur species. Therefore, more than just pairs of species
have been used to construct dominance fields. Three-dimensional diagrams show-
ing the relationships between pe/pH-and pCO, or pS, have been published by
GARRELS & CHRIST (1965).

Assuming a constant composition in a solution, constant p-T conditions and a
selected set of solid phases, part of the pe/pH-diagram usually shows a stability
field for solid phases such that the underlying dominance fields for dissolved
species are concealed. In addition, stability fields of solid phases are usually pre-
sented as dominance fields where the solid phase with the highest saturation index
conceals the underlying stability fields of other solid phases. At the border be-
tween two stability fields, the saturation indices of the solid phases are identical.

However, in most natural systems, the phase with the highest saturation index
may not be the phase which is actually formed. Other oversaturated phases having
a lower saturation index, but a faster rate of precipitation, may form first and con-
trol the composition of the solution.

5.4
New Presentation of pe/pH-Diagrams

To circumvent the disadvantages of classical pe/pH-diagrams, we would like to
suggest a different method of presentation in which a pair of pe/pH-diagrams is
shown, one for the dissolved species and one for the solid phases (Figure 5.5). In
one diagram, the dominance fields of dissolved species even is shown in regions
where the solid phases are oversaturated.
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In the second diagram, overlapping fields are plotted of saturation index SI >0
for the different minerals. As a result, the stability fields of all solid phases are
shown rather than just the field belonging to the phase with the highest saturation
index.
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Fig. 5.5: Example for a pair of pe/pH-diagrams for 3 pmol/L Fe in a standard seawater back-
ground. Left: dominance fields of dissolved iron species. Right: overlapping stability fields of
different iron minerals. In the shaded area none of the minerals considered are stable. In the
classical way of presentation, the dominance fields of the dissolved species are shown only in
this area. Note the smooth borders of the stability fields which result from exact calculation of
the stability fields accounting for the complete water composition.

To include a greater amount of dissolved species and solid phases, we have per-
formed a series of calculations across the pe/pH-field using thermodynamic model
programs such as PHREEQE (PARKHURST et al. 1980, 1990) and PHREEQC (PARK-
HURST, 1995). Using a pre-processor for the generation of input files and a post-
processor for the extraction of activities and saturation indices under different
pe/pH-conditions, we were able to construct very precise pe/pH-diagram doublets
for both the solid phase stability fields and the dissolved species dominance fields
for every system that might be defined in PHREEQE.

Using automated calculation series at a sufficient pe/pH-resolution some inter-
esting curvatures in the stability fields were revealed. Using this method, pe/pH-
diagrams may be constructed for real waters rather than for four- or five-
component-systems.
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EBERT et al. (1997) used this mode of presentation to assess chromate transport
in an anoxic FeS-quartz-sand system. In Figure 5.6 a pe/pH-diagram doublet for
this system is shown. In the species diagram, iron, sulfur and chromium species
distributions are superimposed. It should be noted that the diagram includes the
pH-range between pH = 6 and pH = 13. In the mineral stability diagram, overlap-
ping fields of mineral saturation are plotted. In the pH-range considered, the dia-
gram area is completely covered with mineral stability fields in such a manner,
that in a classical diagram, no information on species distribution is given.
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Fig. 5.6: pe/pH-diagram doublet for the assessment of chromate reduction and retention in a
slightly alkaline anoxic groundwater system containing FeS (EBERT et al., 1997). The calcula-
tions were performed using PHREEQE for Cr (0.5 mM), Fe (1 uM ) and S (0.5 mM) in a real
water with Ca (0.26 mM), Mg (015 mM), Na (1.9 mM), K (0.1 mM), Mn (3 uM), ClI
(0.63 mM), N(0.4 mM), P (3.1 uM), and IC (0.92 mM). The data scheme is 4 points per pe and 4
points per pH i.e. this diagram contains data from approximately 2000 PHREEQE runs. Methane
formation was neglected. The mineral ,,no name* is the jarosite-type KFe3(CrO4)2(OH)e.

The diagrams show that chromate does not coexist with dissolved sulfide or
ferrous iron species, nor with the sulfide minerals or the ferrous iron minerals
under study. Although the reactions with sulfides should be thermodynamically
favoured due to these diagrams, chromate reduction by sulfide only occurs at high
chromate levels that inhibit iron reducing bacteria.
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5.5
Conclusions

Upon investigating dissolution/precipitation reactions, the composition of the
solution in contact with a mineral which, due to oversaturation, is likely to form is
of major interest. Using two separate diagrams, one for dissolved species and one
for solid phases, opens the view into the regions that are concealed by mineral
stability fields in classical diagrams.

Having to assess, whether or not a natural water is aggressive to the mineral of
interest, or whether the formation of a certain mineral is thermodynamically pos-
sible, although it might not represent the thermodynamically stable phase in the
long term, plotting overlapping fields of mineral stability is much more useful
than classical plotting of mineral predominance fields.

By applying several series of PHREEQE calculations to any particular pe/pH-
range, very precise diagram doublets can be constructed even applied to complex
real systems
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