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Abstract

Hot springs with associated Mn-Ag mineralization were identified in the intertidal zone of the Bahia Concepcion Bay of the
central-eastern Baja California Peninsula. Hot spring activity is related to a system of NW-SE faults that are associated with the
opening of the Gulf of California. The hot springs are hosted by Miocene volcanic and volcaniclastic units of the Comondu
Group. The maximum discharge temperature recorded is 72 °C, with the pH ranging from 6.2 to 6.5 and salinity values reaching
up to 27 g/kg. Veins, stockworks, breccias, crusts, and organosedimentary stromatolites of silica-carbonate and Mn oxides are
associated with the hot springs. The Mn oxide and silica deposits show an association with Ag, As, Ba, Ca, Cu, Mg, Pb, Sb, Sr,
Tl, V, W, and Zn. Acanthite and native silver occur along with pyrite in a mineral assemblage rich in opal-A, todorokite,
romanechite, aragonite, high-Mg calcite, and barite. Three distinct mineral associations characterized by sulfides, sulfates, and
oxides are recognized. The silver minerals formed late in the paragenesis. Textural evidence suggests a microbial mediation for
the Mn mineral deposition. Pourbaix diagrams for Mn and Ag species were constructed for the physicochemical conditions of the
coastal hot springs. These diagrams show that both Mn and Ag minerals are stable at low temperature (65 °C), and near neutral
pH, under slightly reducing or oxidizing conditions. The characteristics of the subaerial to shallow submarine hot springs and the
results of the geochemical modeling suggest that the hydrothermal system in the Bahia Conception Bay is formed through
convection of meteoric waters, intermixed with some saline fluids or seawater.
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Introduction

Modern Mn oxide deposits formed by hot springs have been
reported in shallow and deep marine and continental environ-
ments (Hewett 1968; Miura and Hariya 1997; Canet et al.
2005; Hein et al. 2005). The deposits are typically hosted by
volcanic rocks formed in extensional regimes (Liakopoulos
et al. 2001; Camprubi et al. 2008; Sinisi et al. 2012;
Kanellopoulos et al. 2017). These deposits, as well as older,
related Mn deposits, can exhibit enrichment in Ag (Nicholson
1992; Hein et al. 2005). However, their geochemical and min-
eralogical characteristics and the processes of deposition are
not well-documented.

Hot spring systems are natural laboratories for studying
fluid-rock interactions and mineralizing processes involved
in the formation of Ag-Mn ore deposits. They provide critical
information to constrain the deposit model and can be used to
identify exploration vectors (Clark and Williams-Jones 1990;
Leal et al. 2008; Camprubi et al. 2008). Moreover, these active
hydrothermal systems are of special scientific interest because
they support communities of extremophile organisms that me-
diate mineral precipitation (Usui and Mita 1995; Mita and
Miura 2003; Tebo et al. 2004).

The Bahia Concepcion Bay (BC), located on the eastern
coast of the central Baja California Peninsula in Mexico, is
host to several coastal hydrothermal springs. These cluster
in the Mapachitos area, where hot springs occur at depths of
5-15 m below sea level and in the intertidal zone, and along
a ~0.8 km long strip of the coast at Posada Concepcion,
where the discharge occurs in the intertidal zone. In both
areas of discharge, there are stromatolite-like deposits of
opal, calcite and Mn oxides, enriched in Ba, Hg, and As
(Prol-Ledesma et al. 2004; Canet et al. 2005; Villanueva-
Estrada et al. 2013).

In this paper, we report the occurrence of Ag minerals
associated with Mn oxides in the coastal hot springs of the
BC. Our findings provide new information on the mineraliz-
ing processes and physical-chemical conditions of Ag-Mn ore
formation.

Geological setting

The studied hot springs are located on the west shore of the
fault-bounded BC, ~ 17 km south of Mulege town along the
central-eastern coast of Baja California Peninsula in Mexico
(Fig. 1). Calc-alkaline volcanic, volcaniclastic, and intrusive
rocks of the Oligocene-Miocene Comondu Group and minor
Pliocene to Quaternary sedimentary rocks, lava flows, domes,
and pyroclastic rocks are exposed along the shoreline (Fig. 1).

In the BC region, the Comondu Group is comprised, from
bottom to top, of the El Salto, Pelones, Minitas, Pilares,
Hornillos, and Ricason formations (Camprubi et al. 2008).
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The Ricason Formation (17-22 Ma) dominates the western
side of the bay (Rodriguez-Diaz et al. 2008), where the hot
springs are located (Fig. 1). The Ricason Formation consists
of a succession of andesitic-basaltic lavas, andesitic ash-lapilli
tuffs and andesitic breccias and agglomerates.

Three generations of faulting are recognized. Early ENE-
WSW-trending, normal faults affected the basement and con-
trolled the initial emplacement of the volcanic Comondu
Group. Middle Miocene normal and strike-slip faults have a
NNE-SSW trend and are related to the structural segmentation
of the Main Gulf Escarpment. Finally, Late Miocene to
Pliocene NW-SE normal faults and minor strike-slip faults
are associated with the opening of the Gulf of California
(Casarrubias-Unzueta and Goémez-Lopez 1994). The main
faults zones are the BC and El Requeson faults. These faults
record reactivation events (Rodriguez-Diaz et al. 2008). These
faults bound the bay in a NW-SE graben configuration devel-
oped during the late Miocene-Pliocene due to the extension
that affected the Gulf of California (Rodriguez-Diaz et al.
2008). The BC Fault hosts Mn oxides veins (e.g., Guadalupe
ore deposit, Teran-Ortega et al. 1993), whereas the El
Requeson Fault controls the coastal hot springs in the area
(Rodriguez-Diaz et al. 2008). As consequence, venting in
the area occurs along by NW-SE fractures and faults, as well
as the intersections of NW-SE and NE-SW faults (Fig. 1b).

Hydrothermal activity

BC has been identified as a region with high geothermal po-
tential (Arango-Galvan et al. 2015), with two main areas of
geothermal interest: Mapachitos and Posada Concepcion (Fig.
1). Active hydrothermal activity occurs along the shore of the
BC bay (Fig. 1b). This includes shallow marine vents at
Mapachitos and intertidal hot springs at Mapachitos and
Posada Concepcion (Fig. 2). The submarine hot springs have
discharge temperatures of up to 87 °C (measured at a depth of
10 cm in the sediment), pH values between 5.9 and 6.2, and
salinities between 26 and 32 g/kg (Prol-Ledesma et al. 2004).
The intertidal hot springs at Mapachitos and Posada
Concepcion have discharge temperatures between 60 and
72 °C, pH values of 6.2 to 6.5, and salinities of up to
27 g/kg (Villanueva-Estrada et al. 2012).

Both the submarine hot springs and the springs in the in-
tertidal zone vent sodium-chloride waters (Prol-Ledesma et al.
2004). Compared to seawater, the liquids discharged in
Mapachitos are enriched in As, B, Ba, Ca, Hg, Mn, Si, and
Sr (Prol-Ledesma et al. 2004), whereas the Posada
Concepcion waters show an enrichment in As, B, Ba, Ca,
Fe, Li, Mn, Si, and Sr (Villanueva-Estrada et al. 2012).

Prol-Ledesma et al. (2004) calculated a reservoir tempera-
ture of about 200 °C for the hot springs of the BC. Based on
oxygen and hydrogen stable isotope analyses, these authors
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Fig. 1 Geology of the study area on the Baja California Peninsula, Mexico. a Geologic map of Bahia Concepcion showing the distribution of hot springs.

b Detailed map of the coastal hot springs of Posada Concepcion

found that the hydrothermal fluids are mostly of meteoric
origin. Combining geochemical modeling and fluid inclusion
data, Villanueva-Estrada et al. (2012) deduced that a mixing
process occurs at depth in the hydrothermal system, at a ratio
of about ~20-30% of a high-salinity fluid with ~70-80% of a
deep-circulated meteoric fluid. Further mixing can take place
with seawater within the shallow subseafloor prior to dis-
charge on the seafloor.

The sediments are coated with orange-yellow and greenish
biofilms in areas with continuous venting and bubbling.
Mapachitos hot springs are surrounded by opal crusts and
opal, barite, todorokite, romanechite, ferrihydrite, pyrite, and
cinnabar aggregates, as well as silica-carbonate stromatolites
(Canet et al. 2005).

Methodology

Thirty samples were collected from the coastal hot springs of
BC. Samples were acquired from hydrothermal deposits, al-
tered rock, and organosedimentary stromatolites. All samples
were examined by optical microscopy and analyzed by elec-
tron microscopy. A Jeol JXA-8900R electron microprobe of
the Laboratorio Universitario de Petrologia at Instituto de
Geofisica, Universidad Nacional Autonoma de México

(UNAM), was used to obtain back-scattered electron (BSE)
images, to conduct semi-quantitative chemical analyses by
energy-dispersive spectrometry (EDS) and quantitative anal-
yses, and generate elemental maps by wavelength dispersive
spectrometry (WDS). Additional imaging was conducted
using a FEI Quanta 400 environmental electron microscope
at the Centro de Instrumentacion Cientifica of the
Universidad de Granada, Spain.

Quantitative WDS analyses of Mn oxides were conducted
using an accelerating voltage of 10 kV, a beam current of
20nA, aspotsize of 1 um, and a counting time of 15 s, except
forPband Ag, whichhada20scountingtime. Analysesof Ag
minerals were obtained using a 20 kV acceleration voltage,
20 nA beam current, a spot size of 1 um, and a counting time
0f20s. Plagioclase (CaK ), biotite (KK«), diopside (NaK«),
rhodonite (FeK«), kaersutite (SiK«), almandine (MgKa),
kaersutite (AlK«), sphalerite (ZnK«), galena (PbM«), barite
(BaLa), bustamite (MnKc), cuprite (CuK«), and Ag metal
(AgLa) were used as standards for the analysis of the Mn
oxides. Ag metal (AgLa), marcasite (SK«), Au metal
(AuLa), cuprite (CuKa), bismuth selenide (BiM« and
SeK«), skutterudite (NiKa, AsKa, FeKa), kaersutite (SiKa
and MnKa), stibnite (SbL«), cinnabar (HgL«), and tellurium
(TeLa)wereused as standards forthe analysis of Agminerals.
The detection limits for all elements were 0.04 wt.%.
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Fig.2 Field photos of the main coastal hot spring sites and mineralization
styles of the Bahia Concepcion. a Coastal hot springs at Mapachitos and
Posada Concepcion, arrows indicate direction of discharge. b
Symmetrical banded opal and Mn oxide veinlet. ¢ Hand specimen of a

Element X-ray mapping was conducted using the same
instrument. Maps were made in a single accumulation by uti-
lizing four WDS spectrometers simultaneously. Maps of Mn,
Ca, Ba, Mg, and K in Mn oxide bands were obtained at an
accelerating voltage of 15 kV and beam current of 100 nA.

The altered samples were analyzed by shortwave infrared
reflectance spectroscopy (SWIR) to identify silica minerals
and clay mineral assemblages, using a portable LabSpec Pro
Spectrophotometer (Analytical Spectral Devices, Inc.) at the
Departamento de Recursos Naturales of the Instituto de
Geofisica, UNAM. Shortwave infrared spectra were collected
from altered outcrops. Samples were broken in the field, such
that the effect of surface weathering is minimized. Subsequent
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colloform banded Mn oxide vein. d Banded opal vein cross-cutting
altered andesite. d Opal stockwork hosted in pyroclastic rock. e Argillic
altered pyroclastic rock adjacent to the main fault

spectral measurements were conducted in the laboratory. We
used spectral features of the SWIR wavelength region (1300—
2500 nm). Identification of the SWIR-active minerals was
made manually by comparing the wavelength position of the
absorption features and the shape of the spectra (without hull
subtraction) with spectral libraries and tables (Clark et al. 2007).

The bulk mineralogy of Mn deposits was established by X-
ray diffraction (XRD). Measurements were made using a
PHILLIPS PW 1710® diffractometer, with CuK« radiation
and a graphite monochromator. The instrument was operated
at 40 kV and 40 mA. X-ray diffraction patterns were obtained
between 3 and 35°20, with a step speed of 0.05° 26/s and an
integration time of 4 s. Mineral identification was made using
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the XPowder® software and index cards PDF2 at the
Departamento de Mineralogia y Petrologia at Universidad
de Granada, Spain. The mineralogy of silica deposits was
verified by powder XRD analyses. Measurements were made
using a Shimadzu XRD-6000 diffractometer operating with
an accelerating voltage of 40 kV and a filament current of
30 mA, using CuK« radiation and graphite monochromator
at the Instituto de Geologia, UNAM. Bulk samples were mea-
sured over a 20 range of 2-70° in steps of 0.02° and 2 s
integration time. Data was interpreted using the Shimadzu
software.

The identification of opal types was established by XRD
patterns and measurements of full width at half maximum
(FWHM) according to Herdianita et al. (2000). In addition,
microtextural criteria were used to identify opal types (cf.
Lynne et al. 2005). Mn oxides were identified based on their
XRD patterns (cf. Post 1999; Dolenec 2003 and references
therein).

Whole-rock major element analyses were performed by
X-ray fluorescence (XRF) spectrometry on fused glass
disks at the Instituto de Geologia (UNAM), using a
Siemens SRS 3000 sequential spectrometer. Details on the
analytical procedures are given in Lozano and Bernal
(2005). Trace elements were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS) at Actlabs in
Ancaster, Ontario, Canada. A correlation matrix has been
obtained from the geochemical data using the software
Statistica version 10. The coefficient correlations show a
high significance level of P<0.05 for »> 0.65.

Pourbaix stability diagrams were constructed using the
Geochemist’s WorkBench software version 9.0 to identify fa-
vorable pH and redox conditions for chemical deposition of
Mn and Ag minerals in coastal hot springs. These diagrams
were constructed considering activities of 10 %7 (Ag), 10227
(804>, 10%7 (CI), 107 (Mn), 10 >*° (Ba), and 10>*'
(HCO3") at a temperature of 65 °C (average temperature of
thermal discharges). These activity values were calculated
from concentrations analyzed in the thermal fluid by
Villanueva-Estrada et al. (2012).

The most important Ag species for typical seawater were
included in the stability diagram as Ag speciation depends on
the CI/Ag ratio under oxidizing conditions (Levard et al.
2012). In this study, the silver chlorine complexes were con-
sidered as the predominant Ag species.

General characteristics of Posada Concepcion
hot spring deposits

Fieldwork in the BC area showed that hydrothermal mineral
assemblages occur as veins and stockwork, breccias,
cemented aggregates, patinas, and crusts, as well as Mn-
silica-carbonate organosedimentary stromatolites (Fig. 2).

These deposits are fully exposed during low tide. The host
rocks include andesites, andesitic ash-lapilli tuff, sandstone,
and andesitic breccias with narrow haloes of hydrothermal
alteration, which are characterized by an argillic alteration
assemblage of opal and clay minerals.

Veins have an average thickness of 0.5 m and extend along
the strike only for a few meters (Fig. 2a—d). Stockwork struc-
tures occur locally and consist of a network of narrow (< 1 cm)
veinlets (Fig. 2e). Veins show finely laminated to colloform
fabrics and are composed of opal and fine-grained carbonate
minerals with subordinated smectites and, occasionally, Mn
oxides. Symmetrical banding is locally developed with Mn
oxides enriched at vein cores (Fig. 2b, c).

Breccias occur only in a few outcrops consisting of fine- to
coarse-grained clasts (up to 3 cm) of volcanic rocks containing
opal within a groundmass rich in opal, carbonate minerals,
and subordinate Mn oxides and barite. Cemented breccias
are <6 cm thick and occur in pavement-like deposits com-
monly around active hydrothermal discharge areas.

Crusts (2 m to 10 mm) and patinas (< 1 mm) extend a few
meters from hot springs (Fig. 2a). They are developed as ir-
regularly shaped patches over clasts of volcanic rocks and in
the flow direction of the thermal discharge. The deposits are
located on the edge of the coast and are usually covered by
seawater. Patinas are composed of Mn oxides and crusts main-
ly consisting of Mn oxides and opal with occasional detrital
fragments and bioclasts. Surfaces show bioturbation (as bur-
rows and grazing traces) and seashell molds.

Stromatolitic organosedimentary deposits of laminated
mesostructures are domal-shaped silica-carbonate deposits or
Mn oxide-rich deposits with frutexite texture (i.e., arborescent
in shape; Rodriguez-Martinez et al. 2011). Stromatolites occur
adjacent to the thermal discharges.

Argillic alteration assemblage

Rocks of the Ricason Formation at Mapachitos and Posada
Concepcion have been affected by argillic alteration. The argillic
alteration consists of beige halos of clay minerals and opal. The
alteration forms an elongated zone that extends irregularly with
an NW-SE orientation from the hot springs, veins, and breccias.
Field observations show that the intensity of alteration decreases
laterally from the veins and breccias into the host rocks. The
argillic alteration is restricted to halos a few tens of centimeters
or a few meters wide on the margins of the discharge vents. In
addition, irregular silicic lenses and veinlets occur within the
argillic alteration zone and increase in abundance in the vicinity
of the veins. The zone of alteration is characterized by calcite and
Fe and Mn-oxyhydroxides veinlets. Clay minerals entirely or
partially replace the plagioclase phenocrysts of the host rocks.
The wall rocks typically retain their original textures.
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The SWIR has been used to identify the mineralogy of
argillic-altered rocks (Fig. 3). Montmorillonite is the most
abundant phase in the zone of alteration at Mapachitos and
Posada Concepcion. All the spectra are similar, which is con-
sistent with the similar mineralogy in both zones. The spectra
in Fig. 3a reveals absorption bands corresponding to OH™
(1400-1410 nm, with an inflection at ~1455), H,O
(1900 nm), and Al-OH, with a distinct absorption feature at
2210 nm, which is asymmetric toward longer wavelengths, a
characteristic of aluminum-bearing clay minerals (e.g., Clark
et al. 2007). All these features are due to OH vibrations bound
to the two Al cations within the dioctahedral sheet structure of
montmorillonite (Bishop et al. 2002).

Some of the samples from the alteration zone show
SWIR spectra indicative of a mixture of montmorillonite
with opal. The series of measurements showed that when
montmorillonite is predominant (>50 to ~70%), the reflec-
tance spectra exhibited characteristics of montmorillonite
and little broadening of the 2210 nm band, with a band
centered at 2210-2213 nm due to the presence of opal (sam-
ples M1-Mt and M2-Mt, Fig. 3a). These findings are

N = = \)
a O - q g3 0“&@ s
@ 5 = = E
| ST T— PC7-Op
HF~—1 /'\\_’_/\ (=)
PC6-0p §
—\,_,’_'\«\//_,_\\ B
i Pam I ™~~~ pCs-0p
_v/ \/ \__//‘\
g M7-Op
N —— —
~ ——\’/ﬁ \/ M6-Op -g?
2 B =
Z \//ﬁ NI
I e
=]
=
g \//—\\\//"\\/ r\\
E B J— \// \/'\\t PC4-Mt §
\/ ‘-\\/ N PC3-Mt 5
N~ =]
H— /ﬂ\/ ,\.J—Q PC2-Mt %
PC1-Mt E.
‘\/ /\//‘ M M4-Mt
=
N /—-\—\ \/ ™~ M3-Mt %
\/ | :
L M) 5
s \/,_.\,_:\ M2ME
: \ [—— MI-Mt

1300 I 15|00 I 1700 l 19I00 21I00 2300 25|00
Wavelength (nm)

Fig. 3 Mineralogy of hot spring deposits in the Bahia Concepcion.
a Short wave infrared reflectance spectra representative of the main
alteration assemblages found at Mapachitos and Posada
Concepcion. The main absorption wavelengths are marked as gray
bars (Clark et al. 2007). b Representative X-ray diffraction profiles
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comparable with those of studies on mixtures of montmoril-
lonite and opal (McKeown et al. 2011).
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1410 nm, an inflection at 1455-1460 nm, majors peaks at
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center at 2205-2212 nm (Fig. 3a) due to Si-OH vibrations
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opal and montmorillonite. The mixture is evidenced by a band
centered at about 2208-2212 nm (samples M7-Op, PC6-Op
Fig. 3a), similar to that reported in mixtures with <50% of
montmorillonite (McKeown et al. 2011).

Mineralogy and chemical composition
of hydrothermal precipitates

The hydrothermal precipitates of BC are composed of opal (A
and A/CT), quartz, aragonite, calcite (high-Mg and low-Mg),
barite, todorokite, romanechite, pyrite, acanthite, native silver,

b OpA
~aA i

- Sme Sinter
T
-
é Sme
©n
>
=
w
5
2 Ol: (‘;’ACT Op A/CT
E 432A 2504 Vein
= I PI Pl
I Sme CevCe Ce Ce
=4

T ] L] T 1 1 I

0 10 20 30 40 50 60 70
226 Cu-Ka

c Crust

Td Td < Td
) Q & pl Qz Td Td
)
-
2
b
2)
& Vei
‘> em
g S
e
=
=
P
2
5
=
W
e~

T T T L] 1 1 1

°26 Cu-Ka

of sinter and opal veins. Cc, calcite; OpA, opal A; Op A/CT, opal
A/CT; PI, plagioclase; and Sme, smectite. ¢ X-ray diffraction
diagrams of the Mn oxides forming crusts and veins: Ba, barite;
Pl, plagioclase; Qz, quartz; Rm, romanechite; Td, todorokite



Miner Deposita (2019) 54:849-866

855

montmorillonite, and grains inherited from host rock (plagio-
clase, augite, hornblende, and titanomagnetite).

Hydrothermal activity in Posada Concepcion resulted in
three mineralization stages, as evidenced by field and petro-
graphic observations. This includes (1) cryptocrystalline
quartz, clay minerals, carbonates, and pyrite; (2) carbonates,
non-crystalline silica, Mn oxides, barite, and clay minerals;
and (3) quartz, non-crystalline silica, Mn oxides, carbonates,
barite, silver minerals, and pyrite.

Non-metallic minerals

Opal is the main constituent of all hot spring deposits, except
in crusts. Opal displays a variety of microscopic textures, in-
cluding massive, colloform, crenulated, fluidal, pseudoradial
and spheroidal. It occurs as veinlets and pore infills (Fig. 4a,
b). Opal aggregates are rarely cut by thin veinlets (< 30 pm) of
fibrous, radial, and fine polysynthetic twining cryptocrystal-
line quartz with spherulitic to tabular habits.

X-ray diffraction patterns indicate that opal corresponds to
the type A for sinter deposits and stromatolites structures, and
to the type A/CT for veins and breccias (Fig. 3b). Opal A
forms distinctive botryoidal aggregates of microspheres (Fig.
4a) and opal A/CT forms clusters of microspheres and platy
structures. In addition, Blanco-Florido (2010) reports the oc-
currence of filaments and tube-like microstructures, possibly
of organic origin, in the deposits from Mapachitos and Posada
Concepcion.

Clay minerals in the silica deposits were mostly derived
from the alteration of volcanic host rocks. The dominant clay
mineral is smectite, as confirmed by XRD (Fig. 3b). Based on
EDS and SWIR data, montmorillonite is the most common
smectite (Fig. 3a).

Carbonate minerals (high-Mg and low-Mg calcites and ara-
gonite) are the most common precipitates after opal (Fig. 4b).
Calcite was also identified by X-ray diffraction (Fig. 3a).
Energy- dispersive spectrometry analyses show the presence
of high-Mg calcite and low-Mg calcite. These form fine lam-
inae, fibrous crystals of mainly aragonite and high-Mg calcite,
and aggregates of bladed grains (up to 50 um in length).
Veinlets of low-Mg calcite cross-cut the opal groundmass.
Barite occurs as disseminated particles within veins, crusts,
and cemented aggregates, but appears as blades spheroidal
aggregates or tabular crystals (< 80 um), generally associated
with Mn oxides (Fig. 4d).

Mn oxides

The Mn phases todorokite and romanechite were identified.
Optically, todorokite shows low reflectivity and displays a
gray to bluish hue birefringence. Todorokite occurs as finely
laminated botryoidal, colloform, and folded aggregates (Fig.
4c). Radial and fan-like, as well as zoning textures, can be

observed. Todorokite also forms the cement that binds the
clasts and bioclasts in the Mn deposits. Romanechite has me-
dium reflectivity, displays a grayish white color with a bluish
tint, and is harder than todorokite. Romanechite occasionally
occurs as irregular masses, botryoides, and acicular aggregates
(Fig. 4c).

The XRD analyses indicate that the main component of Mn
deposits is poorly crystallized todorokite (Fig. 3c). However,
veins and breccias are mostly composed of romanechite.
Barite is associated with the Mn oxides. In addition, XRD
patterns indicate the presence of trace amounts of quartz and
plagioclase (Fig. 3c).

Elemental mapping of Mn oxide crusts shows an alterna-
tion of laminae with variable Mn, Ba, Ca, Mg, and K contents,
allowing the differentiation of Ba-rich and Ba-poor phases can
be differentiated (Fig. 5). The Ba-rich phase is irregularly
distributed but clearly replaces the Ba-poor phase (Fig. 5).
Energy-dispersive spectrometry and WDS analyses have con-
firmed that todorokite is the Ba-poor phase and romanechite
the Ba-rich phase.

The todorokite has relatively high MgO (< 5.8 wt.%), SiO,
(<5.1 wt.%), Na,O (< 2.6 wt.%), K,0 (< 1 .3 wt.%), and BaO
(< 1.6 wt.%) contents. Todorokite records the highest Mg, Na,
and Si contents in Mn oxide-rich and stromatolitic
organosedimentary deposits (ESM, Appendix 1).
Wavelength dispersion quantitative analyses indicate an aver-
age structural formula of (Na, Ca, K, Ba, Cu)q 7 (Mn4+, Mg,
Si, Al, Fe)s o -2.9(H,0) (n =10, ESM, Appendix 1).

Romanechite is distinguished under the SEM due to its
high Ba content, in contrast to todorokite (Fig. 5).
Romanechite shows moderate concentrations of Ba
(< 14.7 wt.% BaO) with notable amounts of Ca (~0.9 wt.%
of Ca0), Na (~ 1.1 wt.% of Na,0), K (~0.7 wt.% of K,0), Si
(~0.4 wt.% of SiO,), and Cu (~0.5 wt.% of CuO) (ESM,
Appendix 1). The calculated average structural formula of
romanechite is [Ba, Na, K, Ca, (H,0)],o (Mn4+, Cu, Si, Mg,
Al Fe), 6019 (n=3, ESM, Appendix 1).

Silver minerals

Acanthite and native silver, associated with pyrite, were iden-
tified by SEM-EDS (Fig. 6). Acanthite and native silver occur
as disseminated, small grains (2 to 30 um) in veins and brec-
cias, and in the opal-rich and Mn oxide-rich deposits formed
around active hydrothermal discharges (Fig. 6). Acanthite
forms aggregates of platy subhedral crystals arranged in arbo-
rescent patterns, usually filling pores (Fig. 6b). Wavelength
dispersive quantitative analyses show that acanthite contains
~2 wt.% Fe and ~ 1 wt.% Cu. The average structural formula
is (Ag, Fe, Cu, Mn), o S (n=3, ESM, Appendix 2). Native
silver is less abundant than acanthite and occurs as sub-
microscopic anhedral grains filling pores. Native silver con-
tains significant amounts of S (< 2.1 wt.%) and Fe(< 0.9 wt.%)
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Fig. 4 Textural relationships in
hot spring deposits at Posada
Concepcion. a Scanning electron
microscope image of clusters of
opal-A/CT microspheres (Op)
with disseminated pyrite (Py).

b Transmitted light image
showing an association of opal
bands and Mg-calcite (Mg-Cc)
radial aggregates within pores.

¢ Reflected light (left) and crossed
polarized light image (right)
showing aggregate structure, Mn
oxides and opal cemented
volcanic clast (And), colloform
bands of romanechite (Rm),
todorokite (Td) and opal (Op).

d Scanning electron microscope
image of Mn oxides crust with
botryoidal aggregates of
todorokite associated with barite
(Ba). The graphs shown on the
right represent energy-dispersive
spectroscopy analyses presenting
the mineral composition

(ESM, Appendix 2). Pyrite forms fine-grained aggregates of
subhedral grains (<50 pum) that are disseminated within opal
and Mn oxides.

Stromatolitic deposits and other structures

Adjacent to the thermal discharges and at the margins of the
thermal discharge channels, a series of discontinuous and
microdigitate (i.e., the radial texture of growth forming bot-
ryoidal layers; Bartley et al. 2000) organosedimentary stro-
matolites occur. The silica-carbonate and Mn oxide-rich
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stromatolitic fascicle form irregular and thick crusts growing
on volcanic clasts as substrates.

Silica-carbonate stromatolites have a domal structure and
variable convexity (Fig. 7a). The stromatolites exhibit lamina-
tions mainly composed of micritic and sparry Mg-rich calcite
(with <9 wt.% Mg) alternating with opal and todorokite
(ESM, Appendix 1), both occurring as irregular and discon-
tinuous lamellae. The porosity is filled by opal, with occasion-
al calcite replacement.

Three types of microstructures of different complexity at
the millimeter scale can be recognized in Mn oxide-rich stro-
matolites. This includes a flat-laminated stratiform micro-
structure of alternating layers, a thrombolitic structure (i.e.,
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Fig. 5 Elemental maps showing the distribution of Mn, Ca, Ba, Mg, and K in the botryoidal bands on volcanic clast. The Ba is concentrated in

romanechite bands that alternate with todorokite bands

without laminar lamination, irregularly shaped, adhered or not
to the substrate; Riding 2011) composed of an arborescent
zone and a poorly laminated zone with terete growth (Fig.
7b), and a well-developed microdigitate fabric, with growth
in a dendritic shape formed by divergently branched
microcolumns, similar to frutexites texture (Fig. 7c).

Cemented aggregates, crusts, and patinas of Mn oxides
show organic structures. Todorokite replaces bioclasts and
covers organic debris, creating a cast of organic structures
resembling tube worms (Fig. 7d). In addition, there are recent
trails probably made by organisms moving along the surface
of an unconsolidated Mn deposit, similar to pascichnia struc-
tures (Fig. 7e).

Associated with continuous venting and bubbling, there are
orange-yellow and green biofilms partially covering the sedi-
ments. The biofilms are <5 mm thick and show beige-green
bands. Only scattered, gray, dried remains of former biofilms
occur in local depressions.

Geochemistry of hot spring deposits

A suite of 16 samples was collected from the mineralized zones
representing different hot spring deposits of the BC. We also
used geochemical data of coastal hot spring deposits from
Mapachitos reported by Canet et al. (2005). Results of major
and minor elements in hot spring deposits are given in ESM,
Appendixes 3 and 4, respectively. These deposits show large

differences with respect to their SiO, and MnO contents (ESM,
Appendix 3). Mineralized rocks are divided into two distinct
types based on their mineralogical and chemical composition.
Box-and-whisker plots illustrate characteristics of geochemical
data distributions, such as the spread of data, median, and upper
and lower quartiles. They also summarize the relationship of
higher concentrations of minor and trace elements for each of
the groups (Fig. 8).

The first group consists of silica-rich deposits containing
opal and quartz. The median value for SiO, is about 70 wt.%
(n=11), with significant concentrations of CaO (median value
1.3 wt.%, n=11) and MgO (median value 0.4 wt.%, n=9).
The Fe,O5(, and MnO concentrations are less than 3 wt.% (Fig.
8). The samples have a high SiO,/Al,O5 ratio with an average
of 83.0 (n = 12) and a high Fe/Mn ratio with an average of 35.0
(n=12). The second group of samples was taken from Mn
oxide-rich deposits with MnO contents ranging from 8.28 to
48.18 wt.% (median value 36 wt.%, n=11). The high MnO
concentration recorded are higher than the values of silica-rich
deposits (<1 wt.%, Fig. 8). The SiO, content is relatively low
(median value 36 wt.%, n=11) compared to the median value
of the first group. In these Mn-rich samples, the median values
for CaO (8.8 wt.%) and MgO (4.7 wt.%) are higher the corre-
sponding values of silica-rich deposits (Fig. 8). The average
Si0,/Al,05 ratio in the Mn oxide-rich samples is 5.94 (n=
11). Manganese oxide-rich samples are relatively low in Fe,
with average Fe/Mn ratios of 0.27 (n = 3) (ESM, Appendix 3).
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Fig. 6 Scanning electron
microscope (backscattered
electron) images and energy-
dispersive spectroscopy analyses
showing native silver and
acanthite in vein-breccia from
coastal hot springs. a Association
of silver minerals, opal (Op),
pyrite (Py), and todorokite (Td).
b Crystal aggregates of acanthite
associated with todorokite
occurring in the matrix

O I 50um

The trace element results given in ESM, Appendix 4 reveal that
both groups of samples are distinctly enriched in As (< 5112 ppm),
Ba (<30 wt.%), Cu (< 340 ppm), Pb (< 34 ppm), Sb (< 189 ppm),
Sr (<6990 ppm), Tl (<7 ppm), V (<399 ppm), W (<964 ppm),
and Zn (< 310 ppm). There is a considerable overlap between the
concentrations ranges of As, Ba, Pb, Sb, Sr, W, and Zn, but there is
a tendency toward somewhat lower values within the group of
silica-rich deposits (Fig. 8). Deposits rich in Mn show the highest
enrichment in Cu, V, and T1. Barium is distinguished by its wide
variability in deposits rich in silica.

The inter-element relationships in the studied coastal hot
spring deposits are listed in ESM, Appendix 5. Correlation
matrices have been calculated for two sample sets. The
silica-rich deposits have a common positive correlation
among Ca with As (»=0.94), Co with Pb (= 0.94), Mo with
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T1 (r=0.99), Sr with Ba (»=10.99), and Zn with Ba (»=0.96)
and Sr (= 0.94). In addition, As, Ba, Cu, Mn, Mo, Pb, Sb, Sr,
T1, U, V, and Zn are fairly well grouped (ESM, Appendix 5).
The Mn oxide phase-rich deposits exhibit a positive correla-
tion between Ag and U (»=0.98), Cu and Sr (» = 0.90), and Sb
and Pb (= 0.88). Likewise, Ag, As, Ba, Cu, Ni, Pb, Sb, Sr, T,
U, and V show a positive correlation (ESM, Appendix 5).

Discussion

Classification of Mn-Ag mineralization

The BC is host to several Mn-Ag mineralizations formed since
the middle Miocene (Fig. 1). The largest and economically
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Fig. 7 Hand specimens of
apparent organic activity in the
coastal hot springs at Posada
Concepcion. a Silica-carbonate
stromatolite structure on andesite
(And), calcite (Cc). At the right
hand of the figure, there is a
microphotograph of fine-layered
carbonate stromatolite, associated
with Mn oxides (Mnx) and opal
(Op). b Thin section of Mn oxides
stromatolites with a thrombolitic
structure. ¢ Detail of colloform
laminae and arborescent

development of todorokite,
shown in reflected light.

d Appearance of worm molds of
Mn oxides, todorokite (Td).

e Worm tracks on Mn oxides crust

most important ore deposit are middle to late Miocene El
Gavilan, late Miocene Guadalupe, and Pliocene Santa Rosa
(Camprubi et al. 2008; Rodriguez-Diaz et al. 2010). The Mn
deposits occur as NW-SE veins and breccias, and are composed
by Mn oxides (ramsdellite, pyrolusite, romanechite, todorokite
and coronadite), barite, base metal sulfides, calcite, dolomite,
opal, and quartz. Ore grades ranges up to 36% Mn and 64 g/t
Ag (Teran-Ortega et al. 1993; Rodriguez-Diaz et al. 2008).
The area of BC has recorded hydrothermal activity during the
late Miocene occurred until recently in response to the extension
associated with the Miocene Gulf of California opening
(Camprubi et al. 2008). The extensional tectonic settings results
in a high heat flow, with the basin-bounding, and strike-slip
faults providing major fluid pathways allowing the development
of convective hydrothermal systems (Lachenbruch et al. 1985).
The hydrothermal activity at Posada Concepcion and
Mapachitos is manifested by subacrial and shallow-
submarine hot springs. The same NW-SE fault system within

the BC basin and the mineralogical similarities suggests that
Mn-Ag deposits around the hot spring sites could be an active
analog for mineralization processes that generated hydrother-
mal Mn deposits (El Gavilan, Guadalupe, and Santa Rosa
deposits) from the Miocene to the Pliocene. Berger and
Eimon (1983) and Kilias et al. (2001) suggested a similar
connection between hot spring type and open vein type min-
eralizations, possibly forming a continuum from surface pre-
cipitates to deep veins.

The occurrence of the mineral assemblage of todorokite,
romanechite, non-crystalline silica, barite, pyrite, acanthite
and native silver in coastal hot springs of the BC area is com-
parable to other shallow submarine deposits such as those of
western Milos in Greece (Liakopoulos et al. 2001; Alfieris
etal. 2013; Papavassiliou et al. 2017), and related to a possible
vertical mineral zoning with a higher concentration of sul-
phide mineralization at depth (e.g. different styles of
epithermal-hot spring deposits Bastin 1948; Hewett 1968,
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Fig. 8 Geochemistry of hot spring deposits in the Bahia Concepcion.
a Box-and-whisker plots of major elements. Data have been separated
into two groups: silica-rich (gray boxes, n=11) and Mn oxide-rich
deposits (black boxes, n=9). The boxes enclose the interquartile range
(25th and 75th percentile) with the medians displayed as squares. The
whiskers extend from the upper and lower hinges to the maximum and
minimum values. Separate points indicate unusual values that occur far
from the bulk of the data. b Box-and-whisker plots of trace elements show
comparable data ranges between both groups of deposits.
¢ Discrimination diagram from different Mn settings (Nicholson 1992).

Sillitoe 1975; Berger and Eimon 1983; Crespo and Lunar
1997; Leal et al. 2008; Gémez-Caballero et al. 2010).

Mineral assemblage and geochemical signatures

The Mn oxides of the BC consist of poorly crystalline phases
(Fig. 3) and show significant enrichments in Ba, Si, Mg, Ca,
Na, and Cu (ESM, Appendix 1). These characteristics can be
explained by the interaction of mineralizing solutions and sea-
water, which produce abrupt changes in pH and redox condi-
tions (Ostwald 1982; Nicholson 1992; Lugovi¢ et al. 2008) that
may affect the adsorption mechanism of transition metals by the
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represents the extension of the hydrothermal field for samples with
enrichment in Zn of continental and shallow water hot springs deposits.
For comparison, hot spring Mn deposits have also been plotted.
Continental deposits are from Hokkaido, Japan (Miura and Hariya
1997), and shallow marine deposits are from Vani (Hein et al. 2000),
and Vani and Gialoudi Milos Island, Greece (Papavassiliou et al. 2017)

oxides of Mn (Post 1999; Sinisi et al. 2012). The enrichment
and variation of Ba in the Mn oxides (Fig. 5) are interpreted by
pulses of hydrothermal fluid with the variation of the input of
Ba and changes in fluid temperature that determine the precip-
itation of Ba-Mn oxides or the incorporation of the Ba to a Mn
oxide poorly crystalline phase (Granina et al. 2007).

The Mn oxides are enriched in MgO (< 5.8 wt.%). The
high MgO content can be attributed to (a) the deposition in
the shallow marine environment by the hydrothermal fluids,
which are oxidizing in character and have a near-neutral pH
(Nicholson 1992) and (b) a biogenic contribution to the ma-
rine environment (Dolenec 2003; Lugovi¢ et al. 2008). The
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Mg/Mn ratio of the stromatolitic todorokite samples varies
from 0.07 to 0.08 (ESM, Appendix 1). These values suggest
that the chemical species of manganates (Mn4+, 10 A
todorokite) are of microbial origin (Mandernack et al. 1995).
The influence of microbial mediation processes for mineral
precipitation, especially Mn oxides, has been documented by
several authors (Usui and Mita 1995; Mita and Miura 2003;
Tebo et al. 2004). This is consistent with textural observations
and mineral chemistry of stromatolites. In addition, the pres-
ence of orange-yellow and green biofilms over the sediments
around thermal venting suggests recent microbial activity.
This evidence suggests that the Mn oxides in Posada
Concepcion were influenced by bio-chemogenic processes.

The silica deposits consist of opal associated with quartz,
calcite, aragonite, pyrite, barite and Mn oxides. The structure
and laminated texture of the non-crystalline silica (Opal A and
Opal A/CT) deposits constitute sinters around the thermal
discharges. Opal is a common component of sinters related
to subaerial hot springs (Herdianita et al. 2000). In hot spring
environments silica precipitates from near-neutral and alkaline
sodium-chloride waters (Lynne et al. 2005). In addition, silica
precipitation is mediated by microbial activity (Jones et al.
2001). For example, microbial silicification with deposition
of sulfides containing Au and Ag at the subaerial
Champagne Pool hot spring in the Waiotapu geothermal field,
New Zealand (Jones et al. 2001). The occurrence of
organosedimentary stromatolites and filamentous tubular rem-
nants within the non-crystalline silica deposits (Blanco-
Florido 2010) record former microbial activity associated with
the coastal hot springs at Posada Concepcion. The occurrence
of banded veins with sulfides, sulfates, and oxides minerals
together with stromatolites and maturation of the silica phases
from opal A to opal A/CT (cf. Herdianita et al. 2000; Lynne
et al. 2005) suggests that the hydrothermal activity of coastal
hot springs was ongoing for some time.

The deposits of BC exhibit significant variations in their
Si0, and MnO contents as they are either rich in opal or Mn
oxides. Silica and Mn-rich deposits in Mapachitos and Posada
Concepcion are characterized by high and low Fe/Mn ratios,
respectively (ESM, Appendix 3). It is considered that the frac-
tionation between Fe and Mn took place during their forma-
tion in the coastal hot springs, similar to exhalative
manganiferous sediments (0.1 >Fe/Mn > 10, Nicholson
1992), and comparable to ratios < 1 characteristic of lacustrine
deposits (Nicholson 1992). The fractionation between Fe and
Mn is related to the differences in their solubilities, with an
initial precipitation of Fe-bearing minerals followed by anoth-
er of Mn-bearing phase (Toth 1980).

The hot spring Mn deposits show an enrichment in SiO,,
Ca0, MgO, and Ba (ESM, Appendixes 3 and 4). The Mn
deposits of hydrothermal origin generally have an enrichment
in Si (Choi and Hariya 1992). In the silica-rich deposits of BC
values exceeding 90% SiO, are reached (Fig. 8). High SiO,/

Al,O5 ratios of silica-rich deposits show a clear hydrothermal
affinity (83.02, Choi and Hariya 1992), while in deposits rich
in Mn phases, there is a considerable detrital contribution
(Si0,/Al,035 ratio avg.: 5.92 and Si-Al positive correlation
r=0.74). In the latter case, the geochemical signature is relat-
ed to the mixing of the hydrothermal precipitates with coastal
detrital sediments (e.g., breccia observed with petrography.).

A high content of MgO in the hydrothermal deposits is an
indicator of a contribution of marine water to the mineralizing
fluids (hydrothermal fluid of meteoric source, Prol-Ledesma
et al. 2004), especially in the formation process of Mn oxides
(Fig. 8c, Nicholson 1992). There is a clear relation between
hydrothermal fluids and seawater in shallow marine springs that
favors the deposition of Mn (Hein et al. 2000; Papavassiliou
et al. 2017). Manganese precipitates may also scavenge MgO
and other trace elements in direct proportion to their concentra-
tion in seawater (Nicholson 1992). Additionally, the incorpora-
tion of Mg in calcite is favored in hydrothermal environments
(Montes-Hernandez et al. 2016).

Enrichment of Ba is attributed to the presence of barite and
Ba-rich Mn oxides in the deposits of the coastal hot springs.
The precipitation of barite can occur due to mixing of Ba-rich
hydrothermal fluid with sulfate-rich seawater. The significant
enrichment of Ba may be due to the leaching process caused
by alteration of hydrothermal fluids to the feldspars of granitic
basement or the basaltic-andesitic rocks of the Comondu
Group. Barite has been reported frequently from modern sub-
marine and subaerial hot springs (Binns et al. 1997; Hein et al.
2005; Kanellopoulos et al. 2017).

The strong positive correlations between silica-rich and Mn
oxide phase-rich deposits imply that these elements are
enriched as a result of a similar geochemical behavior (Fig.
8, ESM, Appendix 5). The deposits of BC show a correlation
between Ag, As, Ba, Ca, Cu, Mg, Pb, Sb, Sr, Tl, and Zn
(ESM, Appendix 5). This geochemical signature is consistent
with a Mn-Ag-As-Ba-Cu-Pb-Sb-Sr-T1-V-W-Zn association in
Mn oxides deposited by hydrothermal processes in continen-
tal (Hewett 1968; Nicholson 1992; Usui and Mita 1995), shal-
low (Hein et al. 2000; Liakopoulos et al. 2001; Alfieris et al.
2013) and submarine environments (Hein et al. 2005). This
association of elements can be considered as diagnostic for
hydrothermal Mn deposits and serves as a guide in the explo-
ration of shallow marine hydrothermal deposits (Alldrick
1995).

The use of geochemistry to aid in the identification of
hydrothermal Mn mineralization was described by several
authors (Choi and Hariya 1992; Nicholson 1992). The
ternary Ni-Zn-Co diagram (Fig. 8d, Choi and Hariya
1992) shows interpreted hydrothermal fields for BC de-
posits and continental (Miura and Hariya 1997) and shal-
low marine hot springs (Hein et al. 2000; Papavassiliou
et al. 2017). Discriminations diagrams for BC deposits
show a trend toward the areas of the extreme members
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of Co and Zn, and a slight enrichment in Co and Ni
(ESM, Appendix 4) falling outside the hydrothermal
fields (Fig. 8d).

The crystal structure of todorokite has space to hold
large amounts of trace element, especially Co and Ni
(Post 1999), such as at Posada Concepcion (Fig. 3c).
The slight enrichment is comparable with those observed
in the shallow marine hydrothermal system of Milos
(Papavassiliou et al. 2017), the Boleo Cu-Co-Zn deposit
of the Baja California Peninsula (Conly et al. 2011), and
lacustrine hot spring deposits in central Spain (Crespo and
Lunar 1997). The deposits of BC, shallow marine hot
springs from Vani and Aspro Gialoudi, Greece (Hein
et al. 2000; Papavassiliou et al. 2017), and continental
hot spring from Hokkaido, Japan (Miura and Hariya
1997) in the Ni-Zn-Co diagram (Choi and Hariya 1992)
are distributed in an area adjacent to the hydrothermal
field, suggesting that a slight extension of the hydrother-
mal field toward the Zn end member may be needed in
this classification diagram.

Mn oxide

Fig. 9 Schematic model for the
convection-dominated
hydrothermal system of the Bahia
Concepcion. The flow path
considered in the geochemical
modeling includes meteoric fluid,
highly saline fluid, geothermal
fluid, and local seawater. Mixing
with seawater occurs prior to fluid
discharge on the seafloor.
Hydrothermal deposits include
veins, breccias, stockworks, crust
and stromatolites rich in Mn oxide
and silica with Ag minerals

Acanthite

Genetic model

Formation of the Mn-Ag mineralization in the extensional
BC basin involves convective circulation of hot solutions
(reservoir temperature 200 °C, Prol-Ledesma et al. 2004)
and the interaction of these fluids with the granitic base-
ment and the rocks of the Comondu Group (Fig. 9). The
fluid-rock interaction resulted in an enrichment of Mn, Ca,
Ba, Si, and Ag in the hot solutions and the deposits formed
from them. This is consistent with isotopic Pb, Os, and Sr
data from the Boleo and Lucifer Mn deposits that indicate
the interaction of mineralizing fluids with the granite base-
ment, volcanic rocks of the Comondu Group and a sedi-
mentary unit for the mineralization for the origin of metals
(del Rio-Salas et al. 2008; Conly et al. 2011).

At depth, a mixing process occurs between a meteoric hy-
drothermal fluid and saline fluids (11%wt. NaCl eq.,
Villanueva-Estrada et al. 2012). High-chloride concentrations
are required for the low temperature (<250 °C) hydrothermal
solutions to effectively leach and transport Mn and Ag
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(Morrison et al. 1991). The abundance of chlorine in the stud-
ied environment is suggested by the abundance of NaCl in
fluid inclusions in the Mapachitos coastal hot springs
(Villanueva-Estrada et al. 2012) and Guadalupe prospect
(Rodriguez-Diaz et al. 2008). Mn and Ag are transported pri-
marily as uncomplexed ion and chloride complexes, respec-
tively, in acid hydrothermal fluids (200 °C) as the chemical
conditions favor high equilibrium constant values; e.g., Mn*>
(Gammons and Seward 1996) and AgCl473, AgCl{z, and
AgCl, (Scaini et al. 1995). In the geochemical modeling
conducted by Villanueva-Estrada et al. (2012) the pH is not
estimated at depth, but it is assumed that the hydrothermal
fluids are characterized by an acidic pH. The chloride com-
plexation occurs under low to moderate acidity, low concen-
trations of sulfide hydrogen, low H,S/SO, ratios, and
<250 °C temperature (Clark and Williams-Jones 1990).

In a mixture of thermal and saline fluids, the amount of Ag in
solution increases with the increase of chloride concentration
and variation in the pH. Gammons and Seward (1996) reports
that the solubility of the Ag chloro-complexes increases to a pH
of 3 and it is reduced to high pH (5) favoring the deposition of
Ag in mineral species. This process is suggested for the
Guadalupe deposit with Ag concentrations of 64 g/kg at
~200 m of depth (Teran-Ortega et al. 1993).

The acid mineralizing solution ascended through the faults
causing the argillic alteration of the host rocks and ultimately
vent on surface. In the near surface environment, the mineral-
izing solutions are thought to mix with seawater, as suggested
by the relationship between Mg and Na in the hot springs (Fig.
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Fig. 10 Pourbaix diagrams showing the speciation of silver and
manganese at the discharge temperature for the hot springs. a Mn-H,O
system. b Ag-H,O-CI-SO, system. The diagram was constructed using
the average discharge temperature (65 °C), the concentration of silver,
sulfate, manganese, barium, chloride, and bicarbonate taken from work of
Villanueva-Estrada et al. (2012). The activities calculated for these spe-
cies were 107*%7, 10?7, 10797, 107>°°, 107°°7, and 107",

8c) and the geochemical modeling proposed by Villanueva-
Estrada et al. (2012). Eventually, the mineralizing solution
reaches the surface along the intertidal zone where it is strong-
ly influenced by redox processes and precipitates Mn oxides
and Ag minerals (Figs. 9 and 10).

The Mn?* ion in the mineralizing solution can be
transported for a considerable distance until the fluids reach
the surface, where it precipitates as Mn oxides under oxidizing
conditions and near to neutral to alkaline pH (Fig. 10a). Based
on Eh-pH diagram, Ag,S and silver chloro-complexes
(AgCl(aq), AgCl,, AgCl{z, and AgCl473) seem to be the
more relevant inorganic species in the system, which is typical
of seawater (Barriada et al. 2007). We can observe from the
thermodynamic modeling that Ag speciation in seawater will
depend more on redox conditions than pH. In the subsurface
environment, where the seawater interacts with the rising ther-
mal fluids, the Ag in oxidizing hydrothermal fluids can be
transported to the surface in the form of chloro-complexes
until it is precipitated by a change to reduced conditions as
native silver or acanthite. Under oxidizing conditions, silver is
present in solution in the form of the AgCLf3 ion (Fig. 10b).
In this scenario, Ag speciation depends on the Cl/Ag ratio.
Under reducing conditions and pH close to neutral, precipita-
tion of Ag,S and native Ag would be expected (Fig. 10b).
Pourbaix diagrams indicate that Mn oxides and Ag minerals
can precipitate from the hydrothermal fluid at 65 °C and near-
neutral pH under slightly oxidizing to reducing conditions
(Fig. 10). This finding further demonstrates the consistency
of Mn oxides, acanthite, and native silver mineral assemblage.
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Redox and pH conditions for the occurrence of Mn ox-
ides and silver minerals are explained by tidal effects of
coastal hot springs. The hydrothermal discharge at low tide
and oxidizing conditions causes the deposition of the Mn
mineral phases. In fact, Mn deposition is favored by subsur-
face mixing processes with seawater accompanied by
slightly increased pH (Conly et al. 2011). Moreover, organ-
isms can mediate these redox and deposition processes as
shown by the presence of Mn stromatolites and well-known
documented cases of Mn-biomineralization in hot springs
(Mita and Miura 2003; Tebo et al. 2004). In addition, the
precipitation of Ag within organic-rich sediments can be
favored by the dilution of hydrothermal fluid by seawater
(e.g. submarine hot springs of southern California con-
tinental borderland, Hein et al. 2005).

Conclusions

* The BC coast has hot springs with discharge temperature
of 72 °C and pH ranging from 6.2 to 6.5. Thermal activity
is due to a convection-dominated hydrothermal system in
an extensional setting controlled by NW-SE faults related
to the rifting of the Gulf of California.

» The hot spring deposits contain acanthite and native silver.
These occur in a mineral assemblage with opal,
todorokite, romanechite, aragonite, Mg-calcite, barite,
and pyrite.

* The Mn-Ag hydrothermal deposits are characterized by a
Fe and Mn fractionation and are enriched in Si, Ba, Mg,
Tl, Sr, Cu, Pb, Sb, As, Zn, Ag, and V.

*  Mn-Ag mineralization occurs as a result of subaerial and
shallow hydrothermal activity, changes in oxidizing con-
ditions, pH variation, and microbial activity. In these con-
ditions, Mn oxides, acanthite, and native silver can precip-
itate at near-neutral pH in slightly oxidizing to slightly
reducing conditions.

* The active mineralization process of coastal hot springs
can be considered as an analogue for Ag-Mn ore deposits
of hydrothermal epigenetic origin (e.g., subaerial and shal-
low submarine hot spring deposits).
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