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A B S T R A C T

Aluminum precipitates control the hydrochemistry and mineralogy of a broad variety of environments on Earth
(e.g., acid mine drainage, AMD, coastal wetlands, boreal and alpine streams, tropical acid sulfate soils, laterites
and bauxites, …). However, the geochemical and mineralogical processes controlling Al (and other associated
metals and metalloids) transport and removal in those environments are not fully understood. The geochemical
system of Paradise Portal (Colorado, USA) comprises sulfate-rich mildly acidic waters, the hydrochemistry of
which is directly controlled by the massive precipitation of hydrobasaluminite Al4(SO4)(OH)10·12-36H2O. Three
connected but discernible aluminum precipitation stages were identified and described: 1) nanoparticle for-
mation and size decrease along the creek, 2) hydrobasaluminite neoformation on the riverbed, and 3) precipitate
accretion and accumulation on the riverbed leading to Al and Fe banded formations. The co-occurrence of Al and
Si in the system was observed, recording significant amounts of Si accompanying the three different components
of the system (i.e., nanoparticles and fresh and aged Al-precipitates). Also, abrupt and minor changes in the
sedimentary record were described and proposed to be the response of the system to seasonal and interannual
changes in AMD chemistry. Concerning the mobility of other metals and metalloids, P, Th, V, W, Ti and B
showed a tendency to be preferentially incorporated into hydrobasaluminite, while others like Be, As, Se or Ba
tend to remain dissolved in the water.

1. Introduction

The last three decades have seen the appearance of abundant sci-
entific literature demonstrating the control exerted by sulfate-rich acid
waters in both iron and aluminum cycles on Earth (Bigham and
Nordstrom, 2000 and references therein) and Mars surface environ-
ments (Farrand et al., 2009; Ehlmann et al., 2016). Acid rock drainage
(ARD) results from the interaction between water, sulfide minerals
(mainly pyrite), oxygen and bacteria, resulting in low water pH and
high concentrations of metals and sulfate (Bigham et al., 1996). The
hydrochemistry of ARD waters on Earth's surface is frequently con-
trolled by Fe(III) dissolution/precipitation. As a result, a myriad of
studies have advanced the knowledge of the iron cycle, from water
chemistry (Gammons et al., 2015; McKnight and Duren, 2004) to the
minerals involved (Bigham and Nordstrom, 2000; Caraballo et al.,

2013), the role of microbes (Heinzel et al., 2009; Weber et al., 2006)
and water suspended nanoparticles (Johnson et al., 2014), and copre-
cipitation or adsorption of other metals (Webster et al., 1998; Majzlan,
2011). However, the awareness of the crucial role played by aluminum
in sulfate-rich acid waters is still growing as new Al-controlled natural
and anthropogenic systems are described.

In this respect, the geochemistry of aluminum has been shown to
control the compositional evolution of a broad variety of environments,
such as acid mine drainage (AMD, Bigham and Nordstrom, 2000), mine
pit lakes (Sánchez-España et al., 2016, 2018), coastal wetlands (Jones
et al., 2011), boreal (Cory et al., 2006) and alpine (Munk et al., 2002)
streams, tropical acid sulfate soils (Hicks et al., 2009), laterites and
bauxites (Brown Jr. and Calas, 2011) or aquifers affected by acid at-
mospheric deposition (Lükewille and Van Breemen, 1991). In addition,
these precipitates play an essential role in the evolution and
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performance of many passive treatment systems dealing with AMD
remediation (Caraballo et al., 2011a, 2011b; Macías et al., 2012; Ayora
et al., 2013, 2016). Moreover, aluminum sulfate can be considered by
far the most used coagulation chemical in the purification of drinking
waters (Väänänen et al., 2012). During the last decade, research has
focused on the study of aluminum ε-Keggin type polyoxocations in
natural water samples (Furrer et al., 2002; Casey et al., 2009 and re-
ferences therein) but only a very few recent works have studied the
mineralogical nature and geochemical behavior of Al3+-SO42−-rich
precipitates (Jones et al., 2011; Sánchez-España et al., 2011, 2016,
2018; Carrero et al., 2015). In this respect, the nanomineral hydro-
basaluminite (Al4(SO4)(OH)10·12-36H2O) is probably the most frequent
Al-SO42−-rich precipitate described in sulfate-rich acidic waters
(Bigham and Nordstrom, 2000). It is important to note that hydro-
basaluminite is a metastable, almost amorphous phase that dehydrates
and irreversibly re-crystallizes to poorly crystalline basaluminite
(Al4(SO4)(OH)10·5H2O) in a few days under atmospheric conditions
(Bigham and Nordstrom, 2000).

Metal(loid) scavenging by (hydro)basaluminite in sulfate-rich acidic
waters is known to have a strong potential to sequester elements such as
Cu and Si (Bigham and Nordstrom, 2000). Also, several neutralizing
laboratory experiments have confirmed its high scavenging capacity for
several metal(loids) such as As, Se, Co, Ni, etc., under very different
conditions like oxic/oxidizing (Sánchez-España et al., 2006) and an-
oxic/reducing environments (Carrero et al., 2015). On the other hand, a
few field studies have reported the removal of rare earth elements
(Gimeno et al., 2000; Verplanck et al., 2004) and metals (i.e., As, Cr, Ni,
Cd, Zn and Pb; Wanner et al., 2018) in contaminated creeks.

It is also worth noting that, despite the recent remarkable increase
in the study of the environmental behavior of nanominerals and mi-
neral nanoparticles in general (see compilations and perspectives by,
e.g., Hochella Jr et al., 2008; Barnard and Guo, 2012; Barrón and
Torrent, 2013, Caraballo et al., 2015), the environmental role played by

hydrobasaluminite nanoparticles in field waters is still unknown.
The present research has a dual objective: a) to describe the geo-

chemical and mineralogical processes accounting for metals and me-
talloids transport and removal in sulfate-rich mildly-acidic waters
controlled by aluminum sulfate precipitation; and b) to obtain a better
understanding of the environmental geochemistry of Al in field mildly
acidic waters and sediments. To this end, the archetypal Al3+-SO42−-
controlled waters of Paradise Portal (Colorado, USA) were used to study
how aluminum and metal mobilities are affected by three different
stages of hydrobasuliminite observed, namely: 1) suspended nano-
particles transported by the creek, 2) fresh precipitates on the riverbed,
and 3) mineral accretion and aging in banded formations.

2. Materials and methods

2.1. Field site description

Paradise Portal (3245m.a.s.l.), a collapsed adit to a hardrock mine,
is located 1.5 km SE of Ophir Pass along the Middle Fork of Mineral
Creek in the western San Juan Mountains, Colorado, USA (kmz file is
available in the Supporting information). The bedrock consists of a
sequence of middle to late Tertiary lavas and pyroclastic rocks (Larsen
and Cross, 1956), and the wasterock pile at Paradise Portal consists of
pyritized and propylitically altered San Juan Tuff. Unfortunately, no
history of production from the mine could be located, but the wasterock
pile is relatively small suggesting that the mine had minimal output.

The studied alpine river system begins at the mine portal, with ef-
fluent discharging from the caved portal and cascading down a dump
pile (lower-right inset in Fig. 1). This first section (samples PP1 and
PP2) is characterized by the presence of AleFe layered formations. At
the foot of the dump pile the mine effluent encounters a small unnamed
pristine alpine creek. The resulting water mixture flows west to east
approximately 1.3 km to the tributary of another pristine alpine creek

Fig. 1. Satellite view (top) and field pictures (bottom) of Paradise Portal riverine system. PP1, PP2, PP3 and PP4 mark the location of the sampling points.
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(Fig. 1). This second section is characterized by the presence of white
precipitates coating the surface of the riverbed boulders (PP3 and PP4.
(lower-left inset in Fig. 1). This riverbed white coating decreases pro-
gressively along the watercourse until it practically disappears a few
hundred meters after PP4 (due to the AMD mixture with clean waters).

2.2. Sampling and analyses of waters, nanoparticles and solids

The sampling campaign took place in summer 2012 because the
field site is consistently under snow cover from late Autumn to mid
Spring. Three different water samples were collected at each sampling
point, corresponding to unfiltered waters (raw waters) and waters fil-
tered through 0.45 μm and 0.1 μm Millipore filters on Millipore syringe
filter holders. All samples were acidified in the field to pH < 1 with
Suprapur® HNO3 and stored at 4 °C in 60mL Nalgene® containers until
analyzed.

Details about temperature, electrical conductivity, redox potential
and pH field measurements can be found in the Supporting Information.

Major cations (Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si, Sr, and Zn,) were
measured by ICP-AES (Perkin-Elmer® Optima 3200 RL) and trace me-
tals (As, B, Ba, Be, Cd, Co, Cr, Cs, Cu, Ga, Hf, Li, Ni, Pb, Rb, Sc, Se, Th,
Ti, U, V, W, Y) with ICP-MS (Perkin-Elmer®SciexElan 6000). Details of
the analytical procedures are described in the Supporting information.

Nanoparticles were sampled using transmission electron microscopy
(TEM) grids (lacey carbon on 400 mesh gold, Electron Microscopy
Sciences). Environmental Scanning electron microscopy (ESEM)
Quanta 600 FEG SEM, FEI, Hillsboro, OR, USA) was first used to survey
the TEM grids to note approximate particle size, morphology and ele-
ment composition. A JEOL 2100 TEM instrument was used for further
morphological and element characterization of the nanoparticles. The
observed nanoparticles (hydrated aluminum sulfates) were very sensi-
tive to the electron beam and the exposure time before the nano-
particles began to “melt down” was too short (a few seconds) to per-
form detailed crystallographic studies or to obtain images at high
magnifications. To avoid these limitations and to obtain some useful
information, it was decided to use the equipment on scanning mode
(STEM) to generate compositional maps. Although, magnification and
resolution of the obtained images are low, this approach allows dif-
ferentiatiation of the limits between different minerals by the delimi-
tation of areas with different chemical composition in the chemical
maps. Details of the nanoparticle sampling and analytical procedures
are offered in the Supporting information.

Two different types of solid samples were obtained, corresponding
to: a) smooth, creamy and white surficial coatings of aluminum pre-
cipitates and b) brittle AleFe layered crust armoring the rocks of the
riverbed. All the samples were stored in 60mL Nalgene® containers for
transport and dried in the lab using silica gel desiccant at room tem-
perature.

X-ray diffraction (XRD) analyses of selected samples were per-
formed using a Bruker D5005 X-ray diffractometer with Cu Kα radia-
tion. Diffractometer settings were: 40 kV, 30mA, and a scan range of
2–65° 2θ, 0.05° 2θ step size, and 20s counting time per step.

Seeking to know the bulk chemistry of the Al and Fe neoformed
mineral phases, solid samples were analyzed by ICP-AES and ICP-MS
after digesting them with concentrated HNO3 at room temperature.
Notice that this type of partial digestion (although it is enough to dis-
solved the typical precipitates in AMD affected waters) will not dissolve
most silicates and other resistant minerals. The analytical conditions
were the same used for the analysis of the water samples.

Carbon-coated polished sections were studied with a JEOL JXA-
8200 SuperProbe electron probe micro-analyzer (EPMA), using the
fitted wavelength-dispersive spectroscopy (WDS) equipment to obtain
quantitative chemical analysis. More details on the analytical condi-
tions can be found in the Supporting Information.

2.3. Geochemical modeling

Water speciation and mineral saturation indexes were calculated
with PHREEQC code, version 3.4 (Parkhurst and Appelo, 2013). Ther-
modynamic data for minerals were obtained from the WATEQ4f data-
base (Ball and Nordstrom, 1991) and LNLL database (Johnson et al.,
1992), except for hydrobasaluminite (Sánchez-España et al., 2011) and
schwertmannite (Caraballo et al., 2013). The PHREEQC code was run
using each thermodynamic database separately and the results of both
approaches were compared. These two different databases were used to
complement each other (all the elements under study are not included
in a single database) as well as to compare the different species pre-
dicted by each of them.

3. Results

3.1. Water chemistry

The water emerging from Paradise Portal will be considered the
initial water undergoing several physical and geochemical processes
and transformations (e.g., water mixing and mineral precipitation).
Despite the evident field observation of white precipitates on the riv-
erbed, major and minor dissolved elements at PP1 and PP2 do not show
any substantial difference (Fig. 2). The first significant change in the
water chemistry of the system is due to the mixture of the AMD at PP2
and a pristine alpine creek coming from a nearby rock glacier.

The water samples from the present study can be classified as mildly
acid (pH=5.05 to 5.5), calcium sulfate waters with moderate metal
contents (Fig. 2a and b). Water pH is buffered by hydrobasaluminite
precipitation according to the following equation (Sánchez-España
et al., 2011):

+ + =

+

+

+

4Al SO 22 46H O Al (SO )(OH) ·12 36H O

10H

3
(aq) 4

2
(aq) 2 (l) 4 4 10 2 (s)

(aq) (1)

As a result, water electrical conductivity decreased from 2.22 to
1.07 mS/cm and water pH slightly increased from 5.12 to 5.5 (Fig. 2a).
This water mixture also drastically reduced the concentrations of dis-
solved elements (Fig. 2). Some minor elements even became un-
detectable (i.e., below detection limit, Table A1) by the mass spectro-
metric analytical technique employed. Mass balance calculations (using
PP2 and PP3 water samples) of some selected elements were made to
evaluate the dilution effect of the pristine alpine creek on the mine
effluent. Assuming that the pristine creek does not contain any Mn, Zn
or Ni (common components of ARD waters), a 3 to 1 ratio was obtained.
In other words, the pristine alpine creek had a flow rate three times
higher than the mine effluent. This calculation is in agreement with the
field estimations of flow rate.

At distances of 500 and 1000m downstream from the water mixture
(PP3 and PP4, respectively), the water chemistry showed a stable pat-
tern with almost the same chemical composition in both sampling
points and a very slight pH decrease (from 5.50 to 5.36). Nevertheless, a
continuous layer of white precipitates could be observed armoring the
surface of the riverbed (lower-left inset in Fig. 1).

Despite the elevated Fe concentration, the water hydrochemistry is
primarily controlled by aluminum precipitation because the outflowing
groundwater has a low Eh (consequently, most of the Fe must be in the
form of ferrous species like Fe2+ and FeSO4 while a minimal proportion
is forming ferric species like Fe(OH)2+, Appendix A) and water pH is
already 5 (suitable for aluminous mineral phases like hydro-
basaluminite to precipitate). This hydrochemical behavior has been
previously reported within AMD passive treatment systems (Caraballo
et al., 2011a, 2011b) where a ferrous AMD flowed through an alkaline
reagent increasing its pH and precipitating hydrobasaluminite but no
Fe-precipitates.
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3.2. Suspended particles characterization

Despite the apparent lack of change in water chemistry before and
after the confluence of the Paradise Portal effluent and the alpine creek
(Fig. 2), field observation of suspended particles in the water (i.e., slight
white turbidity) suggested the presence of another component in the
Paradise Portal stream system. Fig. 3 shows the concentration of some
selected elements present in raw (unfiltered), 0.45 (filtered using
0.45 μm pore size filters) and 0.1 (filtered using 0.1 μm pore size filters)
waters. For the sake of clarity and to avoid any redundancy, only the
results from PP1 and PP3 are used in this discussion (PP1 and PP2 re-
sults and PP3 and PP4 results are almost equal to each other, respec-
tively). Complete information may be found in the supporting material
(Table A1). As can be observed in Fig. 3, most major and minor ele-
ments show virtually the same concentration in raw, 0.45 and 0.1 water
samples.

Nevertheless, a clearly discernible difference is observed between Al
concentrations in unfiltered (raw) and filtered (0.45 and 0.1) waters. As
previously stated, water pH is buffered by hydrobasaluminite (Al4(SO4)

(OH)10·12-36H2O) precipitation. Therefore, both the formation of sus-
pended Al-rich minerals and the concomitant coprecipitation and re-
moval of other elements with a similar chemical behavior could be
expected (in addition to the adsorption of other elements).

Regarding the incorporation of other elements in the suspended
particles, only V and Ti showed substantial differences in their un-
filtered and filtered water concentrations (Fig. 3). This behavior may be
explained using the chemical speciation of the elements in the water (as
calculated by PHREEQC) and considering the concept of ionic potential
(IP, ion charge/ion radius, Railsback, 2003). In the studied waters, Ti is
present as Ti4+ (IP= 6.7) in the form of Ti(OH)4 (Appendix B). Its IP is
very close to that of Al3+ (IP= 6), therefore a similar aqueous behavior
could be anticipated. V total concentration is 99.5% made of V5+

(IP=8.47) species (i.e., VO2(OH)−, H2VO4−, VO(OH)3 and
VO3OH−2). On the other hand, elements like Se, Th, Be, W, and As
(depending on their specific chemical speciation) may or may not show
a similar aqueous behavior to Al3+. The case of As exemplifies the
behavior shown by these elements in the waters of the present study
(Fig. 3). Under the measured pH and pe conditions, ~99% of As is
present as As5+ (IP=10.8) while almost no As3+ (IP= 5.2) is pre-
dicted by the geochemical model (Appendices A and B). Hence, the big
difference in Al3+ and As5+ IP values suggests a very dissimilar aqu-
eous behavior for those two elements. This deduction is in agreement
with the field data where total As concentrations (contrary to Al con-
centrations) did not show any difference between unfiltered or filtered
samples (Fig. 3).

Neither of the filtered samples at PP3 (or at PP4) have detectable
dissolved Ti or V, but these two metals were detected in the unfiltered
sample. Therefore, it is reasonable to assume that the Al-rich suspended
particles are sinks for these (and probably to a lesser extent other)
metals.

To better characterize the nature and size of the suspended parti-
cles, different samples from each sampling point were studied by TEM.
A common property of the suspended particles in the Paradise Portal
system is that they are complex micrometer-size particles (ranging
approx. From 1 to 10 μm for the longest axis) comprising a network of
spherical aluminum sulfate nanoparticles and an amorphous Si-rich
matrix Fig. 4).

Regarding the size distribution of the Al-rich nanoparticles, differ-
ences were observed between samples before (PP1 and PP2) and after
(PP3 and PP4) the mixture between the mine effluent and the alpine
creek at the foot of the wasterock pile. Before the confluence, the
spherical nanoparticles had a mean size close to 100 nm (PP1 and PP2
in Table 1). After the confluence (and the subsequent decrease of metal
load in the resulting water) the mean nanoparticle size decreased by
50% or more (PP3 and PP4 in Table 1). In addition, the shape of the
nanoparticles also changed from fairly spherical and with easily
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recognizable limits in PP1 and PP2 to nanoparticles with an undefined
shape and no easily recognizable limits in PP3 and PP4. To the best of
our knowledge, this is the first time that a particle size reduction effect
by water dilution has been reported in an acidic stream system.

Unequivocal mineral characterization of the nanoparticles by TEM
was impossible because of their extremely poor crystallinity (they be-
have as an amorphous material under electron diffraction) and because
they were very sensitive to the electron beam (the exposure time before
the nanoparticles began to “melt down” was too short to perform de-
tailed crystallographic studies). However, a) the oversaturation shown
by hydrobasaluminite in the geochemical model, (Fig. A3), b) the ob-
servation of Al and S as the two main constituents of the nanoparticles
(Table A2) and c) the confirmation that hydrobasaluminite is the sole
aluminum mineral phase identified in the fresh precipitates on the
riverbed (discussed in detail in the next section), enable to assume that
hydrobasaluminite is the most likely mineral phase forming the nano-
particles.

3.3. Neoformed precipitates on the riverbed

The Paradise Portal System can be divided into two distinct sectors:
the watercourse over the mine wasterock pile and the watercourse over
a riverbed composed of cemented pebbles and cobbles (Fig. 1). Both
sections have a smooth, creamy white surficial coating of aluminum
precipitates underlain by a brittle AleFe layered crust cementing the
rocks of the riverbed. The thickness of both fresh and layered pre-
cipitates is the same between PP1 and PP2, increases from PP2 to PP3,
decreases from PP3 to PP4 and there are almost no precipitates coating
the riverbed after PP4.

Hydrobasaluminite was confirmed (by XRD) as the sole slightly
crystalline Al-bearing mineral in the fresh precipitates on the surface of
the riverbed (Fig. A5). Further, Al and S are the two main components
of those precipitates showing Al/Smolar ratios very close to the theore-
tical stoichiometric value of 4 (Table A2). In general, it is also observed
that the third major component is Si followed by P.

Distribution coefficients were calculated to quantify element

preferences for the liquid or solid phase during hydrobasaluminite
precipitation:

=D t d
t d

([ ]/[ ])
([ ]/[ ])m w

mineral

water

where [t] is the concentration of the trace element under study and [d]
is the concentration of the dominant element (i.e., Al).

As seen in Fig. 5, at PP1 and PP2, P, Th, V, W, Ti and B show a
general tendency to be incorporated into hydrobasaluminite, while
others like Be, As, Se and Ba tend to remain dissolved in the water.

A detailed examination of the results reveals differences in hydro-
basaluminite composition between PP1-PP2 and PP3 (Fig. A6, Table
A2); namely: a) Al total concentration and Al/Smolar ratio is higher in
PP3, b) Si content is significantly lower in PP3, and c) the results of the
few distribution coefficients that were generated at PP3 are system-
atically< 1 (i.e., trace elements remain in solution).

3.4. Banded Al- and Fe-rich formations

As previously indicated, Al- and Fe-rich layered precipitates coat the
rocks of the Paradise Portal system from PP1 to a few hundred meters
after PP3. A sample from the vicinity of PP3 (where the layered pre-
cipitates are thicker) was selected (Fig. A7D). These layered precipitates
show great complexity and heterogeneity in size, texture and color.
Thus, it is difficult to obtain an archetypal section of the sequence of
precipitation. Having this limitation in mind and to offer some insight
into the general geochemical composition of those precipitates, three
well-differentiated layers were sampled and analyzed (Fig. 6 and Table
S2), viz.: Fe-L (Fe-rich layer), Al-L1 (Al-rich layer 1) and Al-L2 (Al-rich

Fig. 4. TEM SE images and STEM-EDS compositional maps of four representative suspended particles form the Paradise Portal System. Figure final colors result from
the overlaying of three colors related to the elemental composition: red (aluminum), blue (silicon) and green (sulfur). Notice that yellow color marks the presence of
hydrobasaluminite (mixture of Al and S). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Water suspended nanoparticles size distribution measured by TEM.

Sample n° measurements Mean (nm) SD (nm)

PPP1 199 94 33
PPP2 131 102 21
PPP3 204 42 10
PPP4 177 55 15

SD: standard deviation

Fig. 5. Trace element distribution coefficients between the AMD and freshly
precipitated hydrobasaluminite on the riverbed. Notice that.
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layer 2). Special care was taken to ensure that the samples correspond
to a temporal sequence (Fe-L is the uppermost and newest layer while
Al-L2 is the lowermost and oldest layer).

The Fe-rich layer contained mainly Fe, Al and S (Fig. 6) and had Fe/
Smolar and Al/Femolar ratios of 4.43 and 0.3, respectively (Table A2).
Although no conclusive results about the specific mineralogy of these
precipitates were generated, the observed Fe/S molar ratio and the
chemical composition of the waters are consistent with what would be
found for Al-rich schwertmannite or a mixture of schwertmannite
(Fe8O8(OH)8−2x(SO4)x, with 0.75 > x > 2.58) and other Al-phases as
the most probable constituents. Notwithstanding the specific miner-
alogy, metal scavenging by the Fe-rich layer is mostly limited to V
(Fig. 6).

The Al-rich layers (Al-L1 and Al-L2) exhibit a similar composition
with Al/Smolar ratios of 4.1 and 4.2, respectively (Table A2). They also
have a great compositional resemblance with the fresh precipitates
generated in the river (PP3, Fig. A6 and Table A2). The only significant
difference between the aged and the fresh precipitates in PP3 is the
higher content of B in the former and the slightly higher concentration
of V in the latter. Based on these Al/S molar ratios and the demonstrated
presence of hydrobasaluminite in the fresh precipitates, the most
plausible candidate to form the aged layered precipitates is probably
also hydrobasaluminite.

The observed cm-scale alternation of Al and Fe layers can be in-
terpreted as recorded evidence of major temporal changes in the hy-
drochemistry of the Paradise Portal system. However, more subtle dif-
ferences within layers are expected at the μm scale. To check this
hypothesis, different selected sections of the layered precipitates in PP3
were studied under the EPMA-WDS. The main observations are sum-
marized in the compositional maps shown in Fig. 7. If only Al, Fe and S
compositional maps are taken into account, the 0.5×0.75mm section
can be divided in two fairly homogeneous Al-rich regions separated by
a Fe-rich strip. This lamination could be interpreted as the result of
three singular hydrochemical events. However, a very different inter-
pretation can be reached if Si and P compositional maps are considered.
The opposite compositional variations shown by these two elements
suggest that multiple minor hydrochemical events occurred within the
three major events recorded by Al, Fe and S compositional variations.

A detailed point analysis of the sub-layers marked by Si and P

reveals subtle but perceptible variations in the composition of all major
components (Fig. 7 lower-right inset and Table A3). In addition, the Al/
Smolar ratio in all the sub-layers (3.9 ± 0.33) remains near the theo-
retical stoichiometric value of hydrobasaluminite (Al4(SO4)(OH)10·12-
36H2O).

Please notice that the observed elemental fluctuation within the
banded Al- and Fe-rich formation correspond to a section of the creek
after the mixture with pristine waters. Therefore, the extrapolation of
these results to other different sections of the creek (e.g., PP1 and PP2,
before the mixture with pristine waters) or to other similar creeks
should be made with great caution.

4. Discussions

4.1. Al and Si interactions in AMD at mildly acidic pH (5 to 5.5)

Aluminum and silicon are typically among the most abundant me-
tals and metalloids in acid mine drainage, only after Fe (Bigham and
Nordstrom, 2000). Specifically, in Paradise Portal waters, Al and Si are
the fifth and sixth major elements (Fig. 2). These two elements, (present
in AMD as Al(OH)n3-n or Si(OH)m4-m, where n is typically 0–3 for Al and
m=4 for Si, Appendix B) have very similar ionic radii (Al3+=0.5 Å
and Si4+=0.41 Å) and charge. As a result, they may share a similar
fate in many different Earth environments, as recorded by the abun-
dance of many different aluminosilicates in the Earth's crust (in many of
them Al3+ and Si4+ occupy the same crystallographic positions).

Previous studies have reported the presence of up to 2 wt% of SiO2
in hydrobasaluminite precipitates within the reactive material of a
passive treatment system remediating AMD (Caraballo et al., 2011a).
Furthermore, removals of almost 40mg/L of Si from the treated AMD
were obtained (Caraballo et al., 2011b). Recent studies by Sánchez-
España et al. (2016, 2018) have reported Si coprecipitation and ad-
sorption during the abiotic and biotic precipitation of hydro-
basaluminite in the anoxic deep strata of acidic pit lakes in the Iberian
Pyrite Belt (SW, Spain). These studies observed abiotic sub-micron
(200–900 nm) subrounded particles of hydrobasaluminite, usually
coalescing into groups of several units (Sánchez-España et al., 2016).
These hydrobasaluminite nanoparticles were formed at a pH of 4–4.5
and consistently showed homogeneous distributions of significant
amounts of Si (spanning from 0.7 atom % up to 6.5 atom %, according
to STEM-EDX analyses). Additionally, oxygenated Fe(III)-rich water
from Cueva de la Mora acidic pit lake surface (pH 2.6) was neutralized
under oxic conditions to study metal coprecipitation during hydro-
basaluminite formation (Sánchez-España et al., 2016). Among all the
elements removed from the solution, this experiment showed a Si re-
moval by hydrobasaluminite of up to 25% at pH 6.0.

Regarding the formation of sub-micron rounded particles of hy-
drobasaluminite coalescing into groups of several units, the present
study observed similar structures in PP1 and PP2 (Fig. 4). However a
very different interaction between Al and Si was observed. An ESEM
backscattered electron image of a representative suspended particle
from PP1 is shown in Fig. 8 a). As can be observed, this micrometer size
particle comprises hundreds of coalescing hydrobasaluminite nano-
particles forming an intricate 3D structure with no apparent matrix
between the nanoparticles. However, if the sample is studied using TEM
the existence of a nanometric thin film around the nanoparticles is
observed (Fig. 8b). This discrepancies are highlighted by yellow and
green circles in both images, that highlight areas with or without ma-
trix, respectively. In addition, the Al, and Si elemental compositional
maps obtained by EDS (Fig. 8b) clearly outline these two different si-
tuations, as well as the fact that the matrix is only made by Si and that
almost no Si is incorporated into the hydrobasaluminite nanoparticles.
The non-observation by ESEM of this Si-rich matrix and its observation
by TEM allows to infer that it must have a thickness of a few tens of
nanometers in the direction perpendicular to the electron beam that
makes it invisible to ESEM.
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The existence of a nanometric Si-rich film growing on top of massive
micrometer-size particles made of coalescing hydrobasaluminite nano-
particles (i.e., the amount of Si in the particles can be considered
negligible or almost nonexistent compared with the amount of Al) is in
agreement with the field observations where only aqueous Al con-
centration exhibited a discernible difference between the filtered and
unfiltered waters (Fig. 3).

According to the geochemical calculations using the Wateqf data-
base (discrepancies in the results obtained using the Wateqf or the LLNL
database are explained in Appendix A), calculations of saturation

indexes confirmed the thermodynamic favorability of several Al and Si
mineral phases (Fig. A3). Among them, hydrobasaluminite and chal-
cedony (SiO2) are proposed as the most plausible candidates to form in
the surficial oxic acidic sulfate-rich waters of the present study.

The surface chemistry of the coalescing hydrobasaluminite nano-
particles composing the micrometer-size aggregates is probably con-
trolled by the nanometric Si-rich film growing on top. In other words,
despite hydrobasaluminite being the main component of the ag-
gregates, the surficial physical and chemical properties (e.g., piezo-
electric point, sorption/desorption capacity, …) shown by the particles

Fig. 7. EPMA-WDS compositional maps of a selected AleFe layered precipitate comprising two Al-rich regions delimited by a Fe-rich layer. The white dots in the
compositional maps represent the location of 8 point analyses performed on the sample. The results of these analyses are shown in the graph on the lower-right side.

STEMESEM Al Si

2 m

a) b)

5 m

Fig. 8. a) ESEM backscattered electron image of a
micrometer size particle from PP1 made by hundreds
coalescing hydrobasaluminite nanoparticles, and b)
STEM bright field image and EDS elemental compo-
sitional maps of a selected section in a). Yellow and
green circles are used to highlight areas with or
without matrix. (For interpretation of the references
to color in this figure legend, the reader is referred to
the web version of this article.)
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correspond to chalcedony (or other SiO2 mineral phase). However, it is
clear that both hydrobasaluminite and some silica phase are forming
spontaneously from solution, so the possibility that both surfaces are
able to interact with the bulk solution cannot be ruled out.

It can also be observed that hydrobasaluminite fresh precipitates on
the riverbed at PP1 and PP2 show Al/Simolar ratios of 19.1 and 25.6,
respectively; whereas hydrobasaluminite at PP3 exhibits an Al/Simolar
ratio of 170 (Table A2). On the one hand, these results confirm the
presence of a relatively important concentration of Si coprecipitated
and/or adsorbed to hydrobasaluminite (Si is the third major component
of these precipitates). On the other hand, they show how Si con-
centration in the precipitates is linked to the availability of dissolved Si
in the AMD. Specifically, as Si concentration decreases in the waters
from PP1 (Al/Simolar= 2.7) to PP3 (Al/Simolar= 0.5) it also decreases
in the corresponding hydrobasaluminite. Notice that hydrobasaluminite
and chalcedony are oversaturated in the waters of both sampling points
(Fig. A3).

Finally, Si is also present in the aged Al-rich banded formations
coating the surface of the creek boulders. These precipitates can be
understood as a record of the precipitation history of Paradise Portal
AMD. Nevertheless, Si concentrations and Al/Smolar ratios of two dif-
ferent Al-rich layers within the banded formations show very similar
values when compared with the fresh precipitates from this sampling
point (Fig. 6 and Table A2).

Sánchez-España et al. (2016, 2018) suggested that the transforma-
tion of these Si and Fe-rich hydrobasaluminites could eventually lead to
the formation of meta-stable proto-aluminosilicates leading to the final
generation of other more stable aluminosilicates like clays (e.g., non-
tronite, kaolinite, halloysite, …). Despite the fact that no aluminosili-
cate minerals were found during direct observation on the sediments at
Paradise Portal, the results of the present study present the co-occur-
rence of Si and Al in the different stages of formation of hydro-
basaluminite in this kind of system.

4.2. Geochemical and mineralogical processes controlling metal mobility in
AMD at mildly acidic pH (5 to 5.5)

As previously stated, the hydrochemistry of the Paradise Portal
system is controlled by hydrobasaluminite precipitation, buffering
water pH around 5 to 5.5. This apparently simple aqueous system ac-
tually comprises a series of coupled geochemical and mineralogical
processes controlling metal mobility. A conceptual model of the studied
system is presented in Fig. 9. The three dominant geochemical

processes are: 1) nanoparticle formation and size decrease along the
creek, 2) hydrobasaluminite neoformation on the riverbed, and 3)
precipitate accretion and accumulation on the riverbed. Please notice
that processes 1 and 2 can only be attributed to summer time conditions
(when the sampling was performed) and also that the presence of iron
rich layers in the Al and Fe banded formations on the riverbed clearly
records the existence of different hydrochemical environments during
other seasons of the year. Also, it is important to acknowledge that the
obtained results do not allow defining if hydrobasaluminite neo-
formation on the riverbed is the result of the aggregation and sedi-
mentation of previous water suspended nano to microparticles, an in-
dependent growth from the surface of the boulders or a mixture of them
both.

Metals are distributed between the aqueous (i.e., dissolved) and
solid components (i.e., suspended particles, fresh precipitates and aged
sediments) of the system. Concerning V and Ti transport, the first sec-
tion of the system (PP1-PP2) is characterized by the presence of those
metals, either dissolved or incorporated in the suspended particles;
whereas in the second section (PP3-PP4) V and Ti are exclusively
transported in the suspended particles.

Another important effect that was observed in the Paradise Portal
system is the dramatic reduction in size of the hydrobasaluminite na-
noparticles as a result of the sudden dilution of the original AMD ef-
fluent by an alpine creek (Table 1). This nanoparticles size reduction
had no effect on V and Ti transport by the suspended particles.

A second predominant geochemical process is hydrobasaluminite
neoformation and growth on the riverbed (Fig. 8), which cycles metals
between the water and the sediments. Neoformed hydrobasaluminite
scavenges a number of metals (Table A2), most importantly P, Th, W, V
and Ti (Fig. 5). On the other hand, other elements such as Be, As, Se and
Ba tended to remain in solution (Figs. 5 and 7). It is important to notice
that previous studies at controlled laboratory conditions have shown
that hydrobasaluminite has a great capacity to adsorb As (Carrero et al.,
2017). However, this hydrobasaluminite and As affinity was not ob-
served in the Paradise Portal natural system. On the contrary, As
showed a tendency to remain in solution (Fig. 5).

A third stage of the minerals formed in the Paradise Portal system is
the accretion and accumulation of precipitates on the riverbed (Fig. 9).
The sedimentary record is tangible evidence of the variations experi-
enced by the hydrochemical system through time. In this respect, the
layers developed on the riverbed allow distinction between two dif-
ferent orders of hydrochemical variations: a) major events, and b)
minor fluctuations (Fig. 9). The most abrupt hydrochemical change

Fig. 9. Schematic representation of the various geochemical and mineralogical process observed in the Paradise Portal system.
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experienced by the system is the transition from an Al3+ to a Fe3+

controlled system. This changeover, although not observed in the wa-
ters of the system during several visits to the field site, is clearly re-
corded by the presence of Fe-rich layers at various depths in the sedi-
ments. This switch in the system can easily occur if the effluent waters
emerge with a similar composition but an initial pH lower than 4.5. As
shown by many previous studies (e.g. Caraballo et al., 2013 and re-
ferences therein), the new hydrochemical conditions will most probably
induce the precipitation of schwertmannite (Fe8O8(OH)8−2x(SO4)x,
with 0.75 < x < 2.58). This hypothesis is in agreement with the Fe/
Smolar ratio of 4.43 (within the range accepted for schwertmannite)
found in a well-developed Fe-rich layer in the riverbed precipitates
(Table A2 and Fig. 9) and with the results from the numerical simula-
tions (Appendix A).

On the other hand, minor hydrochemical fluctuations were recorded
in the form of subtle changes in the concentration of some sensitive
elements. In this regard, detailed examination of the Al-rich layers re-
vealed the existence of μm-size bands of alternating Si and P compo-
sition with opposite trends (Figs. 6 and 7). Similar cyclic fluctuations
have been previously attributed to seasonal changes in the water
chemistry (Caraballo et al., 2011c).

5. Conclusions

The Paradise Portal geochemical system is simple (hydro-
basaluminite is the predominant mineral phase precipitating) but at the
same time elaborate because metals and metalloids transport and sink
processes are controlled by suspended nanoparticles, neoformed fresh
precipitates on the surface of the riverbed boulders and aged Al and Fe
banded formations. After a characterization and description of the
different sections of this geochemical system, the co-occurrence of Al
and Si in the system precipitates was confirmed. On the one hand,
suspended hydrobasaluminite nanoparticles were typically coated by a
nanometric thin film of SiO2 (probably in the form of chalcedony).
Simultaneously, a drastic reduction in size of the hydrobasaluminite
nanoparticles (from 100 nm to 50 nm) was observed as a result of the
sudden dilution of the original AMD effluent by an alpine creek. On the
other hand, fresh and aged precipitates of the riverbed are system-
atically made of hydrobasaluminite with significant amounts of Si (Al/
Simolar ratios from 19.1 to 170 in the fresh precipitates). The sedimen-
tary record in the Al (and Fe) banded formations allowed the distinction
between two different sets of hydrochemical conditions with time. The
most abrupt hydrochemical change experienced by the system is the
transition from an Al3+ to a Fe3+ controlled system (marked by a few
Fe-rich layers between the most frequent Al-rich layers).
Complementary, minor cyclic fluctuations were recorded in the form of
μm-size bands of alternating Si and P composition with opposite trends
within the Al-rich layers. Both abrupt and minor changes in the sedi-
mentary record are proposed to be the response of seasonal and inter-
annual changes in the AMD chemistry. Concerning other metals and
metalloids mobility, P, Th, V, W, Ti and B showed a tendency to be
preferentially incorporated into hydrobasaluminite, while others like
Be, As, Se or Ba tend to remain dissolved in the water.

Comparisons of the current study observations with other recent
studies have shown some discrepancies in the interaction of hydro-
basaluminite with Si and other metals and metalloids (e.g., As).
Although no definitive reason for these disparities was determined, the
current state of knowledge indicates that these adsorption/coprecipi-
tation and mineral precipitation processes are extremely dependent on
pH and element speciation. Future studies of similar environments will
allow clarification of these discrepancies as well to build the bridge
between Si-rich hydrobasaluminite formation and a possible transition
to meta-stable proto-aluminosilicates leading to the final generation of
other more stable aluminosilicates.
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