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Abstract: Acid mine drainage (AMD) is an environmental concern characterized by low pH and
high concentrations of dissolved metals and sulfate. Yerba Loca Creek in Santiago, Chile, is an
AMD-affected water stream that originates in a glacier and, therefore, has a season-dependent flow.
This water course is characterized by low pH (3.75 ± 0.13) and high concentrations of aluminum
(2.2–2.6 mg/L) and copper (4.8–6.5 mg/L). A field campaign was carried out to study the geochemical
behavior around the confluence of the Yerba Loca Creek with the San Francisco River, which has
a neutral pH and low concentration of dissolved metals. The results show that the geochemical
parameters after the confluence are very similar to those registered for the Yerba Loca Creek, due to
its great flow in relation to the San Francisco River. The pH after the mixing zone was controlled by
the geochemical conditions and flow of the Yerba Loca Creek; however, the turbidity decreases and
stabilizes downstream. We found that, despite the low impact of pH on the precipitation of aluminum
and copper phases due to poor neutralization, the dissolved aluminum and copper concentrations are
slightly decreased after the mixing zone by natural microscale removal processes or suspended solids
formation. Scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDX) analysis
of suspended solids indicates the presence of various oxides, hydroxy-sulfates and aluminosilicates,
which have a great affinity for adsorption and co-precipitation with dissolved metals (i.e., Al and Cu).
A pH-neutralization would favor the formation of more minerals and, therefore, the immobilization
of the heavy metals found in these waters. These results contribute to a better understanding of the
effect of the confluence of water courses related to pollution by AMD. It is possible that the seasonal
variation of the flows has an impact on the composition of water and minerals formed.

Keywords: acid mine drainage; low pH; metals solubility; confluence

1. Introduction

Acid mine drainage (AMD) is a major problem all over the world. AMD is produced when
sulfide-bearing material, from mine sites or natural sources, is exposed to water and oxygen [1,2].
The main problem caused by AMD is pollution due to low pH, high concentrations of dissolved
metals (i.e., iron, aluminum, copper, lead, zinc and silver, among others), metalloids (e.g., arsenic) and
sulfate [3]. The level of environmental impact of AMD is dependent on its composition (i.e., which
dissolved metals are present) and its pH values, in turn, depend on the geology of the AMD source [3].

Yerba Loca Creek is a natural water course located in Santiago, Chile, and is affected by AMD.
The creek basin extends for 16 km from the La Paloma glacier to its confluence with the San Francisco
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River (pH ~7.2) [4]. At high elevations of the Yerba Loca Basin, there is a large deposit of copper
porphyry, which have long influenced the surface water quality of the area, particularly in terms
of pH, sulfate content and mineral concentrations [5]. In particular, in the Yerba Loca Creek acidic
conditions and metal content, mainly copper (Cu) and aluminum (Al) [6], have a substantial impact on
the vegetation of the area since these waters are highly toxic for most plant species [5]. Furthermore,
the presence of Cu in excessive concentrations is harmful to a variety of living organisms such as
microorganisms, fish and humans [7]. In the environment, Cu is commonly presented as a divalent
cation and is generally more mobile in acidic conditions, while at pH above 7, it tends to form minerals
like Cu carbonates and hydroxyl-carbonates [8,9]. Al is the third most abundant element in the Earth’s
crust and is commonly present as Al oxide and Al silicate [10,11]. At pH less than 6, Al can be leached
from the soil and sediments in the water [10], but the solubility increases when pH is less than 4.5 [12].
In addition, high Al concentrations, low pH and high levels of sulfate generate toxicity in the aquatic
environment, which can be fatal for animal and plant life [13].

Several studies have been carried out about the effects of the confluence of water courses related
to pollution by AMD. The Azufre River–Caracarani River Confluence (Chile) presents a change in
particle sizes and a decrease in As concentration after the confluent point [14]. Agrio River–Odiel
River Confluence (Spain) shows a strong seasonal variation in water composition [15]. For its part,
Cement Creek–Animas River Confluence (USA) is a mixing zone of two water courses with acidic
pH (Cement Creek) and neutral pH (Animas River). The complete mixing results in a circumneutral
pH and metals in solution exhibit transformations to colloidal forms [16]. The mixing zone receiving
acid drainage is a reactive zone where changes in pH and the chemical environment promotes the
formation and precipitation of minerals [14]. Metal partitioning between the solid phase and solution
can be modified along the flow path by changes in pH, redox and biotic factors downstream of the
mixing zone [17,18]. The description and quantification of non-conservative processes that control the
fate of metals in natural environments are critical for the development of environmental remediation
in systems affected by acid mine drainage [19,20]. Reactive confluences form when acid drainage
discharges into a circumneutral river are an opportunity to study how the geochemical processes in
the solid/liquid interface modify the aqueous/solid partitioning of heavy metals.

In this study, on-site measurements and water samples analysis were carried out to determine
the geochemical behavior in the Yerba Loca Creek–San Francisco River confluence in a radius of 50 m
around the confluence point. The objective of this study was to determine the effect of the confluence
on pH and the fate of Cu and Al and the formation of minerals. This study will help to improve
our knowledge about the processes that control the transport, removal and environmental fate of Al
and Cu in acid mine drainage waters and thus contribute to the development of new alternatives for
enhanced natural attenuation of these pollutants.

2. Materials and Methods

2.1. Study Site

The research was carried out in December 2017 at the Yerba Loca Creek–San Francisco River
confluence located outside of the Yerba Loca Nature Sanctuary (33◦20′42.23′ ′ S; 70◦21′50.77′ ′ W) in the
pre-mountain range zone of Santiago, Chile.

Yerba Loca Creek has an average flow of 1.35 m3/s in summer months, due to the melting of the
glacier, and an average flow of 0.33 m3/s in winter months. On the other hand, San Francisco river
before the junction has a stable flow during the year, with an average of 0.22 m3/s [21]. The flow ratio
is an important parameter because it can vary seasonally and, in this way, the effect of the confluence
varies depending on the mixing proportion [14].
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2.2. Sampling and On-Site Measurements

A total of 19 water samples were collected from the study site. A sample was taken from the
confluence point which was defined as the zero point. Additionally, six sampling points were defined
for both the San Francisco River and the Yerba Loca Creek before the confluence and six samples for
the San Francisco River after the confluence. In all cases, sampling points were located at 5 m, 10 m,
20 m, 30 m, 40 m and 50 m away from the confluence point (Figure 1a). On-site measurements were
performed at these points, including pH (PHC301, HACH, Loveland, CO, USA), electrical conductivity
(EC) (CDC401, HACH), dissolved oxygen (DO) (LDO101, HACH), and temperature (PHC301, HACH)
(Hq40d Multi, HACH, Loveland, CO, USA) measurements.
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Figure 1. (a) Schematic representation of the study site at the confluence of the San Francisco River
and Yerba Loca Creek, in the north-east of Santiago; (b) Photograph of the confluence point of both
water courses.

The water samples were collected in 1000 mL high-density polyethylene (HDPE) bottles and stored
in darkness at 4 ◦C until analysis. For anion and cation measurements, samples were filtered at 0.22 µm.
In the case of cation measurements, the samples were also acidified with HNO3. For dissolved metals
analysis, water samples were filtered at 0.45 µm and acidified with HNO3. In addition, for soluble
chemical oxygen demand (sCOD) measurement, water samples were filtered at 0.45 µm and acidified
with H2SO4. Additionally, the turbidity of the water samples was measured using a Hanna HI 98703
turbidimeter (Hanna Instruments Inc., Woonsocket, RI, USA).

2.3. Geochemical Analysis

Anion and cation measurements were made by ion chromatography (IC) (882 compact IC plus,
Metrohm, Herisau, Switzerland) and total dissolved metal concentrations were carried out by a total
reflection X-ray fluorescence (TXRF) spectrometer “S2 PICOFOX” (Bruker AXS Microanalysis, Berlin,
Germany). Additionally, sCOD was determined colorimetrically in a HACH spectrophotometer
DR/2010 with the reactor digestion method (USEPA Method 8000) [22].

2.4. Scanning Electron Microscopy (SEM)

Total suspended solids (TSS) obtained by 0.22-µm filtration were analyzed by scanning
electron microscopy (JSM-IT300LV; JEOL Ltd., Tokyo, Japan) coupled with energy-dispersive X-ray
spectroscopy (Oxford Instruments, HighWycombe, UK) (SEM–EDX). Prior to the observation,
these solids were lyophilized for 24 h and subsequently coated with gold.
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3. Results and Discussion

3.1. Water Parameters

One relevant parameter in water quality is pH since this affects the solubility of metal ions [23].
On-site measurements show a neutral pH in the San Francisco River before the confluence while
the Yerba Loca Creek has a pH of 3.75 ± 0.13 before the junction (Figure 2a). After the confluence,
the pH remains very similar to the value of the Yerba Loca Creek, with a low increase of 0.2 units.
This is expected due to low flow of the San Francisco River (pH ~7.2) compared to the Yerba Loca
flow, despite the noticeable difference between pre-confluence pH values. Interestingly, iron (Fe)
and Al phases such as schwertmannite (Fe8O8(OH)xSOy·nH2O; where 8 − x = y and y = [1–1.75],
and hydrobasaluminite (Al4(SO4)(OH)10·[12–36]H2O) can precipitate in the pH range between
[2.8–4.2] and [4–4.5], respectively [24]. Thus, pH behavior after confluence can influence the
precipitation and removal of metals from the aqueous phase. In addition, PHREEQC (acronym
of pH-Redox-Equilibrium-C+ language program) speciation models show that small variations in pH
can allow the formation of certain minerals (Appendix A). The relevance of these precipitated phases
lies not only in the control of the solubility of Al and Fe, but also in the impact on the removal of
sulfate and other metals such as Cu and Zn by adsorption/coprecipitation processes.

Figure 2. Water parameters of the study site: (a) pH; (b) Electric conductivity; and (c) Dissolved oxygen
correspond to on-site measurements; while (d) Turbidity was measured in the laboratory. Symbology
is related to the San Francisco River (SF) before the confluence and after the confluence, and the Yerba
Loca Creek (YL).

The electrical conductivity of both water courses is similar before and after the confluence
(Figure 2b). However, historical data from the Yerba Loca Creek before the confluence report that EC
reaches values upper than 360 mS/cm in some months of the year. In the same way as EC, the DO
measurements show a similar behavior in all the sampled points (Figure 2c). DO values close to
8 mg/L indicate that there is no contamination by organic matter nor an important metabolic activity
because of organic matter degradation or eutrophication [25]. The sCOD data confirms this, reporting
values in a range of 0–124 mg/L.



Water 2018, 10, 516 5 of 13

Regarding turbidity measurements, Yerba Loca Creek presents a much greater value than the
San Francisco River before the confluence, causing an intermediate turbidity value after the mix of
the two courses (Figure 2d). Furthermore, turbidity is greater than 3.0 nephelometric turbidity units
(NTU) for all sampling points, with a peak of 20.7 NTU in Yerba Loca Creek, 20 m before confluence.
Although these values exceed the Chilean normative for drinking waters (<2 NTU) [26], they belong to
a typical range of healthy bodies of water. Figure 2d shows that changes in turbidity are less marked
downstream from the confluence, showing a peak of increase at 5 m and 30 m after the confluence.
The turbidity was lower than in the Yerba Loca Creek before the confluence, which could indicate local
reactive phenomena in the mixing zone that cause changes in the solid/liquid interface at microscale
level and thus promote the formation of suspended solids enriched in heavy metals. These conditions
may be independent of the pH effect. Besides, the conditions before and after the confluence are
similar, so external effects such as wind should not have a greater impact on turbidity.

3.2. Anions and Cations

Anion and cation concentrations measured at different sampling points (Table 1) reveal a high
amount of sulfate at all the points, exceeding the drinking water standard of 500 mg/L in some
cases [26]. High concentrations of sulfate are characteristic of AMD and the oxidation of metal
sulfides [1]. These concentrations limit the use of water for various purposes (e.g., drinking water and
irrigation water) [26,27].

Table 1. Concentration of anions and cations in water samples.

Sample Anions (ppm 1) Cations (ppm 1)

Sulfate Chloride Nitrate Sodium Potassium Calcium Magnesium

San Francisco River
before confluence

5 m 184.1 43.4 1.9 25.0 3.6 69.1 13.4
10 m 293.2 79.9 3.2 25.1 3.6 72.0 13.9
20 m 225.1 52.6 2.9 24.7 5.4 68.5 13.6
30 m 326.1 87.4 3.9 25.1 6.5 69.5 13.3
40 m 304.9 85.7 4.5 25.2 16.6 70.1 13.5
50 m 311.2 85.0 4.5 25.3 13.2 68.4 13.8

Yerba Loca Creek

5 m 351.9 4.5 6.0 4.2 2.8 71.7 9.3
10 m 405.5 4.9 3.1 4.2 2.4 72.9 9.2
20 m 503.0 4.5 1.7 4.1 6.2 71.6 9.4
30 m 297.7 2.9 1.6 4.3 1.7 70.6 9.3
40 m 507.2 4.5 2.1 4.2 2.4 69.6 9.2
50 m 341.8 3.4 1.3 4.1 2.0 71.4 9.3

San Francisco River
after confluence

0 m 318.6 3.1 1.7 4.0 3.0 70.6 14.0
5 m 504.7 6.0 2.3 4.2 1.9 72.1 9.6
10 m 330.7 3.4 1.6 4.2 3.9 73.3 10.3
20 m 309.6 4.9 1.2 5.3 3.1 71.4 10.6
30 m 312.4 12.1 2.0 7.7 13.6 69.9 9.9
40 m 285.7 8.2 1.7 7.5 5.3 74.4 9.9
50 m 472.0 10.8 2.3 6.4 2.4 71.8 10.1

1 Parts per million.

Sodium and chloride present a decrease along the San Francisco River from the point of confluence
forward, due to the dilution that occurs when both flows are combined. These decreases in sodium
and chloride go, on average, from 25.06 ppm to 5.62 ppm and from 72.34 ppm to 6.94 ppm, respectively.
Conversely, sulfate concentration increased in San Francisco River after the confluence due to the
high concentration of sulfate from the Yerba Loca Creek. On the other hand, all registered cations
(i.e., calcium, magnesium and potassium) and nitrate did not present significant variations before and
after the confluence. In summary, due to the low flow of the San Francisco River in relation to the
Yerba Loca Creek, the anion and cation concentrations after confluence are strongly influenced by the
concentrations from the Yerba Loca Creek. However, variations in sulfate concentrations may indicate
variations in microscale precipitation/dissolution processes and be influenced by hydrodynamic
conditions. Guerra et al. [28]. showed that in a confluence impacted by acid mine drainage the
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interaction between chemical and hydrodynamic conditions controls the transport of metals such as
Fe, Al and arsenic (As) downstream of reactive confluences.

3.3. Dissolved Metals

Dissolved metals analysis showed four main metals present in the study site: Al, Cu,
and manganese (Mn). Concentrations of Fe and Mn are similar between the Yerba Loca Creek and
San Francisco River after the confluence (Figure 3), due to the low flow of the San Francisco River in
relation to the Yerba Loca Creek. However, a slight removal of dissolved Al and Cu concentrations
were observed. The removal is most evident for Cu (Figure 3b). This effect is especially evident for
Al and Cu because their concentrations for the San Francisco River before the confluence resulted
non-detectable or nearly zero, respectively (Figure 3a,b).

Figure 3. Dissolved concentrations of (a) Aluminum, (b) Copper, (c) Iron and (d) Manganese in the San
Francisco River (SF) and Yerba Loca Creek (YL), before and after the confluence. Error bars correspond
to the standard deviation of the measurements made in triplicate. In some cases, the error bars are not
observed because the standard deviation of the results is very small. Aluminum concentration was not
detected in the San Francisco River before the confluence (a).

In the case of Al, since its solubility increases linearly as the pH decreases in the range of neutral
to acidic values [10], it is expected that Al is not present in the liquid phase at neutral pH conditions,
as occurs in the San Francisco River before the confluence. Regarding Cu concentrations, they are
higher than 4 mg/L in the Yerba Loca Creek and San Francisco River after the junction, exceeding the
maximum level allowed for drinking water in Chile, corresponding to 2 mg/L [26].

In the case of change in the flow ratio between both flows, for example due to seasonal variation of
the flow of the Yerba Loca Creek, a dilution effect could be generated and a consequent impact on the
pH and concentration values after the junction. Therefore, as a final consequence, the removal of Al and
Cu due to precipitation processes could be generated, as has been done for other confluences [14–16].
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Abarca et al. [14] show that after the Azufre River–Caracarani River confluence, particle sizes varied,
and the dissolved As concentration decreased. On the other hand, Schemel et al. [16] reported that
from the Cement Creek–Animas River confluence, dissolved metals (i.e., Al, Fe, Cu and zinc) exhibited
transformations from dissolved to colloidal forms to varying degrees during the mixing process.
However, flow data of the Yerba Loca Creek–San Francisco River confluence indicate that changes in
the Al and Cu dissolved concentrations are not explained by a dilution effect due to the low flow of
the San Francisco River.

Typically, the pH range reported for limiting the precipitation of Al is [4.5–5.0] [29–31]. These pH
values are far from the pH value (~3.9) observed after the confluence between the Yerba Loca
Creek and San Francisco River, suggesting that the precipitation processes of Al phases are not
significant. However, pH values around 4.0 for Al precipitation have been observed in several field
studies and laboratory experiments with AMD waters, indicating that the formation of gibbsite
(Al(OH)3) or another Al-hydroxide phase can occur in values close to this pH and promote the
removal of Al. Bertsch and Parker [32] suggest that the presence of sulfate ions decreases the pH
necessary for Al precipitation, favoring the formation and aggregation of polynuclear Al species
increasing the rates of nucleation and precipitation. Therefore, the pH values (Figure 2) and the sulfate
concentrations after confluence (411± 94 mg/L) suggest that the phases of Al hydroxy-sulfate minerals
as basaluminite (Al4(SO4)(OH)10·[4–5]H2O) and hydrobasaluminite (Al4(SO4)(OH)10·[12–36]H2O)
could precipitate. Furthermore, it has been observed that with the progressive neutralization of the pH
of sulfate-rich acidic waters the formation of Al hydroxy-sulfate minerals is increasingly favored [33].
Carrero et al. [34] reported that basaluminite has a high capacity to retain Cu by precipitation or
adsorption, which would explain the Cu removal observed after the confluence. Additionally,
hydrogeochemical modeling with PHREEQC shows that at pH upper 4, alunite (KAl3(SO4)2(OH)6)
could be formed (see Table A2), which confirms the presence of hydroxy-sulfate minerals.

In the case of Fe, the concentration of all sampled points ranges between 0 and 1 mg/L. In other
systems, the precipitation of Fe as schwertmannite has been observed at pH values close to 3.5 [35,36];
however, the impact on the removal of dissolved Fe for our system was not sufficiently evident to be
certain that this occurs. De Souza Machado et al. [37] indicated that high turbulence can promote the
solubility of some metal precipitates, which could explain that there is no dissolved Fe removal after
the confluence. Finally, a removal of dissolved Mn species in relation to the Yerba Loca Creek before
the confluence (Figure 3d) was not observed.

Other minerals that are typically formed in acid mine drainage systems are Fe and Mn oxides.
In both cases, Cu can bind strongly to the surface of oxides formed with these metals [38]. Furthermore,
precipitation in natural systems generates initially amorphous minerals, which may have a greater
capacity of sorption by affinity with the binding sites to other minerals [39,40]. In particular, it has
been demonstrated that Fe oxides and Mn oxides can adsorb other dissolved metals like As, lead, zinc
and cadmium, removing them from the aqueous phase [41,42]. Due to the low flow of San Francisco
River, a potential removal of the contamination present in the Yerba Loca Creek could be focused on
channeling a part of the flow of the river to be treated.

3.4. Scanning Electron Microscopy (SEM)

Images taken by SEM at different magnifications show that suspended solids at sampling points
correspond mainly to granules of varied sizes (Figure 4). The morphology and composition of these
crystals are typical of natural waters enriched with heavy metals [43].
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SEM–EDX analysis was carried out for TSS of three selected points, San Francisco River 10 m
before confluence, Yerba Loca Creek 10 m before confluence, and San Francisco River 10 m after
confluence. In general, EDX analyses of the three samples show the presence of Al, Cu, Fe and O
elements. In addition, suspended solids were analyzed by portable X-ray fluorescence (PXRF), which
confirm the presence of the mentioned elements and sulfur (S) in a concentration of approximately
5800 ppm after the confluence point, suggesting the formation of Fe and Al oxyhydroxide-sulfate
complexes [44] (Figure 5).

In addition, an important silicon (Si) content is observed. Soils generally contain 5–40% silicon
(Si), which is mainly found in the form of SiO2 and several aluminosilicates [45]. Furthermore,
suspended sediment in rivers has an average of 25.4% in Si content [46]. After the confluence, the
surface concentrations of Al and Si in TSS reached 7.6 wt % and 31.5 wt %, respectively, suggesting the
formation of aluminosilicates (Figure 5c).

Consistent with the analysis of dissolved metals (See Figure 3), the San Francisco River before
the confluence has a lower amount of Al in the suspended solids with respect to the other studied
points As mentioned above, in acid waters Al is controlled by the solubility of gibbsite (Al(OH)3) and
kaolinite (Al2Si2O5(OH)4) minerals [47]. However, in the presence of sulfate, these minerals are no
longer stable and other less soluble minerals can control the aqueous geochemistry of Al. For this
reason, the precipitation of Al hydroxysulfates immobilizes Al and sulfate in acid waters [31,47].

Regarding Cu, this can form more complexes as the pH increases, so it becomes less bioavailable
and, therefore, less toxic [48]. According to McBride et al. [49], most of the Cu is complexed above pH
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5. Furthermore, dissolved Cu has an affinity for adsorption with aluminosilicates present in natural
waters [50]. Therefore, considering the neutral pH of the San Francisco River before the confluence,
plus the amounts of Si and O present in its suspended solids, it is expected that Cu content would be
found in them. On the other hand, suspended solids of the Yerba Loca Creek and San Francisco River
after the confluence, both characterized by low pH conditions, were expected not to have too much Cu
in their composition.
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4. Conclusions

The studied confluence site is strongly influenced by the high flow of the Yerba Loca Creek, which
is substantially higher than the flow of the San Francisco River in summer. In this way, the water quality
of the San Francisco River after the confluence is heavily governed by the geochemical parameters
of the Yerba Loca Creek. The main effects that occur in the San Francisco River after the confluence
correspond to a pH decrease (−∆3.48) and high increases in Al and Cu concentrations. After the
confluence, a slight removal of dissolved Al and Cu concentrations was observed, which could be
explained by an effect of pH and a high concentration of sulfate. These conditions can promote the
formation of Al hydroxy-sulfate minerals such as basaluminite and hydrobasaluminite, which have
the potential to retain Cu by adsorption/coprecipitation processes. Moreover, analysis of suspended
solids by SEM-EDS indicates the presence of various oxides, hydroxy-sulfates and aluminosilicates,
which have a great affinity for adsorption and co-precipitation with metals dissolved in water. It is
expected that, with a view to a potential remediation of this site, a pH-neutralization mechanism could
favor the formation of more minerals and, therefore, the immobilization of the heavy metals found in
these waters.

It is necessary to carry out studies from other perspectives, such as those studying the possible
impact of seasonal variation of the flow of the Yerba Loca Creek on the geochemical behavior of the
confluence. In addition, it is essential to study the San Francisco River downstream at a greater distance
in order to analyze the water composition and the possible precipitation of minerals due to changes in
the environmental conditions.
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Appendix A. Distribution of Aqueous Species in San Francisco River Modeled by PHREEQC

Table A1. Saturation state in Yerba Loca Creek–San Francisco River confluence (pH = 3.63).

Phase Saturation Index (SI) log Ion Activity
Product (IAP)

log Equilibrium
Constant (KT) at 13.1◦C

Aluminum hydroxide Al(OH)3 (a) −5.61 5.99 11.61
Alunite KAl3(SO4)2(OH)6 −2.66 −2.53 0.13

Anhydrite CaSO4 −1.41 −5.74 −4.33
Iron hydroxide Fe(OH)3 (a) −8.58 −3.69 4.89

Gibbsite Al(OH)3 −2.81 5.99 8.80
Goethite FeOOH −3.13 −3.69 −0.56
Gypsum CaSO4:2H2O −1.16 −5.74 −4.59

H2(g) H2 −15.30 −18.40 −3.10
H2O(g) H2O −1.83 −0.00 1.83
Halite NaCl −9.46 −7.91 1.55

Hausmannite Mn3O4 −42.42 21.68 64.10
Hematite Fe2O3 −4.31 −7.37 −3.07
Jarosite-K KFe(SO4)2(OH)6 −23.32 −31.58 −8.26
Manganite MnOOH −15.57 9.77 25.34
Melanterite FeSO4:7H2O −5.63 −7.99 −2.37

O2(g) O2 −56.87 −59.67 −2.80
Pyrochroite Mn(OH)2 -13.06 2.14 15.20
Pyrolusite MnO2:H2O −25.96 17.40 43.36
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Table A2. Saturation state in San Francisco River 30 m after the confluence point (pH = 4.44).

Phase Saturation Index (SI) log Ion Activity
Product (IAP)

log Equilibrium
Constant (KT) at 14.7◦C

Aluminum hydroxide Al(OH)3 (a) −3.20 8.29 11.50
Alunite KAl3(SO4)2(OH)6 2.67 2.59 −0.08

Anhydrite CaSO4 −1.41 −5.75 −4.34
Iron hydroxide Fe(OH)3 (a) −5.80 −0.91 4.89

Gibbsite Al(OH)3 −0.42 8.29 8.71
Goethite FeOOH −0.29 −0.91 −0.62
Gypsum CaSO4:2H2O −1.16 −5.75 −4.58

H2(g) H2 −16.92 −20.02 −3.10
H2O(g) H2O −1.79 −0.00 1.79
Halite NaCl −8.59 −7.03 1.56

Hausmannite Mn3O4 −35.56 28.11 63.67
Hematite Fe2O3 1.37 −1.82 −3.20
Jarosite-K KFe(SO4)2(OH)6 −16.64 −25.03 −8.39
Manganite MnOOH −13.16 12.18 25.34
Melanterite FeSO4:7H2O −5.35 −7.69 −2.34

O2(g) O2 −53.05 −55.86 −2.81
Pyrochroite Mn(OH)2 −11.46 3.74 15.20
Pyrolusite MnO2:H2O −22.46 20.62 43.09
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