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ABSTRACT

Difficulties in dating Mississippi Valley—type (MVT) mineral deposits and the often closely
associated dolomitization have led to controversy regarding their origin. We report the first
radiometric ages for the Gorno mining district in northern Italy, an example of the Alpine
subclass of MVT deposits. U-Pb ages of hydrothermal carbonates pre- and postdating the
ore-forming event show that base-metal mineralization occurred shortly after the deposi-
tion of the Carnian host rocks. This implies that the Gorno ore deposits formed at shallow
burial depth prior to the Early Jurassic western Tethys rifting phase. Contemporaneous
Triassic magmatism and extensional tectonics likely contributed to the high geothermal heat
fluxes required to drive the mineralizing system. Our study reinforces the need for reliable
geochronological data for metallogenic models and warns against a general application of
classic North American MVT models to similar deposits worldwide.

INTRODUCTION

Mississippi Valley—type (MVT) deposits
are epigenetic, stratabound, carbonate-hosted
sulfide bodies formed by high-salinity, warm
fluids (75-200 °C; Leach et al., 2001, 2005).
MVT deposits and dolomitization events are
often associated. Both are of major economic
importance and are genetically related to hydro-
thermal fluid flow through large rock volumes.
Since both the mineralization and the associated
dolomitization postdate host-rock deposition,
stratigraphy does not constrain the age of hy-
drothermal activity, except in rare cases, e.g.,
when mineralized clasts are reworked in intra-
formational breccias (Schroll et al., 2006; Shel-
ton et al., 2019). Moreover, only few radiometric
ages are available for MVT deposits, obtained
by Rb-Sr on sphalerite (Ostendorf et al., 2015,
2017), U-Pb/Th-Pb on carbonates (Brannon
et al., 1996), and Re-Os on pyrite (Hnatyshin
et al., 2015). The difficulties involved in dating
host-rock formation, dolomitization, and ore-
mineral precipitation have led to contrasting
genetic models for MVT deposits. These range
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from shallow to deep burial conditions and from
extensional to compressional tectonic regimes
(e.g., Leach et al., 2001; Kesler et al., 2004;
Ostendorf et al., 2015).

We present the first radiometric ages for the
Alpine-type (APT) deposits of the Gorno min-
ing district in northern Italy. APT deposits are
considered to be a subclass of MVT deposits,
mostly consisting of stratabound bodies within
Anisian—Carnian platform carbonates across the
European Alps (Leach et al., 2003). Their gen-
esis is controversial because radiometric ages,
only available for the Austrian deposit of Blei-
berg, are highly uncertain: Sr and Pb ages of
whole rocks yielded uncertainties of 30 m.y.
and +48 m.y., respectively (Schroll et al., 2006),
and Rb-Sr dating on sphalerite provided both
Late Triassic and Early Jurassic ages (Henjes-
Kunst et al., 2017). Based on the presence of
finely laminated ore textures, ore-bearing clasts
in sedimentary breccias, and highly negative &*S
values of the sulfide minerals, some research-
ers have suggested that several APT deposits
formed shortly after, or even during, host-sedi-
ment deposition (e.g., Maucher and Schneider,
1967; Brigo et al., 1977; Cerny, 1989; Schroll

et al., 2006; Kucha et al., 2010). Other studies
have proposed a deep burial setting, based on
high fluid-inclusion homogenization tempera-
tures and comparison with classic MVT models
(e.g., Jicha, 1951; Omenetto, 1966; Leach et al.,
2003; Mondillo et al., 2019).

A precise understanding of the timing and
mode of ore formation is not only of scientific
interest, but it is also of economic relevance,
since it strongly affects current and future ex-
ploration. Our U-Pb ages from hydrothermal
carbonates associated with the ore minerals,
combined with petrographic and fluid inclusion
data, provide a major advance in understanding
the timing of APT Zn-(Pb) mineralization.

MATERIALS AND METHODS

We investigated 13 carbonate-bearing sam-
ples by transmitted light (TL) and cathodolu-
minescence (CL) microscopy. Fluid inclusion
(FI) petrography and microthermometry were
carried out on dolomite (doubly polished sec-
tions, 110 pm thick). Carbonate U-Pb data were
acquired by laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICP-MS) on
polished thin sections (60 pm) following the
methods of Roberts et al. (2017) and Guillong
etal. (2020). Details on the samples and analyti-
cal procedures are provided in the Supplemental
Material'.

GEOLOGIC SETTING

The Gorno mining district lies in the Southal-
pine domain (Figs. 1A and 1C), a south-verging
retrobelt of the Alpine orogenic wedge, sepa-
rated from the metamorphosed part of the Alps
by the Periadriatic Line. The Southalpine do-
main consists of a sedimentary succession of
Permian to Paleogene age, deformed during the
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Figure 1. (A) Geologic scheme of the European Alps. CH—Switzerland. (B) Stratigraphic log
of the upper Anisian—-Carnian succession in the Gorno mining district, showing mineralized
horizons. (C) Geologic map of the Gorno mining district showing ore deposits; adapted from
Jadoul et al. (2012). (D) Stratabound dolomite Dol-2 body in Calcare Metallifero Bergamasco
(CMB) hosting major sulfide mineralization (45°55'15.1”N, 9°48'07.9"E).

Alpine orogeny under nonmetamorphic condi-
tions (Laubscher, 1985; Zanchi et al., 2012;
Zanchetta et al., 2015). In the Gorno district,
platform carbonate sedimentation took place
in the late Anisian (Esino Limestone), ending
with emersion of the platform and develop-
ment of karsts and paleosols (Calcare Rosso;
Fig. 1B; Berra and Carminati, 2010; Jadoul
et al., 2012). In the early Carnian, deposition
of the 50-100-m-thick peritidal limestones of
the Breno Formation was followed by the me-
ters- to tens-of-meters-thick peritidal-lagoon

facies of the Calcare Metallifero Bergamasco
(CMB). A deepening of the basin then led to
the deposition of the lagoonal marly limestones
of the Gorno Formation (>250 m thick), which
laterally pass to the deltaic volcaniclastic sedi-
ments of the Val Sabbia Sandstone. In the late
Carnian, a return to shallow-water deposition is
recorded by the sabkha dolostones and evapo-
rites of the San Giovanni Bianco Formation. The
Gorno ore deposits are stratabound and confined
to the lower Carnian section (Fig. 1B). They
mainly consist of sphalerite, minor galena,

fluorite, and barite. High-grade sulfide ore is
hosted in the 5-10-m-thick basal unit of the
Gorno Formation, consisting of an organic-rich
laminated marl and siltstone lithozone, known
as “black shales”. Other major orebodies are
hosted in the peritidal limestones of the Breno
Formation and CMB. Mineralization styles in-
clude replacements, dissolution cavity fillings,
and breccia cements (Omenetto, 1966; Assereto
et al., 1977). Deformation of the ore deposits
by Alpine faults documents that mineralization
occurred at least prior to the Alpine tectonic ac-
tivity (Mondillo et al., 2019). Current explora-
tion efforts are focused on the Zorzone and Pian
Bracca deposits (Fig. 1C) and have identified a
total resource of 7.79 Mt at 6.8% Zn, 1.8% Pb,
and 32 g/t Ag (Altamin Ltd., 2021).

PARAGENETIC SEQUENCE

A fabric-retentive, early diagenetic dolomite
(Dol-1) replaced the micritic matrix of the supra-
tidal laminated sediments of the Breno Forma-
tion and CMB. It is fine grained, white in hand
specimen, and exhibits bright-red CL. Lags of
dolomitized intraclasts at the base of calcare-
ous transgressive subtidal levels show that Dol-1
formed shortly after sedimentation (Fig. 2A).
Fenestral pores in both unaltered limestones
and Dol-1 dolostones are filled with a sparry
calcite cement (Cal-1), commonly nonlumines-
cent or dull-brown and locally zoned under CL
(Figs. 3A and 3B).

A complex series of dolomitization, brec-
ciation, dissolution, and cementation phenom-
ena followed Dol-1 and Cal-1 and affected the
studied rocks over the entire area (Fig. 4A).
Dolomitization gave rise to decametric, tan-
colored bodies (replacive Dol-2), either roughly
stratiform or, less commonly, discordant to the
bedding (Fig. 1D). Replacive Dol-2 forms a
mosaic of fine- to coarse-grained euhedral do-
lomite crystals (30-600 um; Figs. 2C, 2D, 3C,
and 3D). Dol-2 also occurs as coarsely crys-
talline saddle dolomite cements (up to milli-
meter size) in pores, veins, burrow infills, and
bivalve shells (Figs. 2E, 3C, and 3D). Dol-2 is
commonly dull red to almost nonluminescent
under CL (Figs. 3D and 3F). Primary FIs in
Dol-2 cements yielded homogenization tem-
peratures between ~80 °C and 140 °C (mean
value: 111 £ 13 °C; Table S4 in the Supple-
mental Material). Dol-2 dolostone bodies are
locally associated with crackle-to-mosaic brec-
cias with centimeter- to decimeter-sized clasts
mainly cemented by sphalerite and a calcite
cement younger than Cal-1 (Cal-2, see below;
Figs. 2B-2D). A major dissolution phase fol-
lowed Dol-2 and is documented by irregularly
shaped, decimeter- to meter-sized cavities with
branches that are either roughly concordant
or discordant to bedding (Figs. 2F and 2G).
Dissolution cavities show infills of laminated
internal sediments consisting of dissolution
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Figure 2. (A) Reworked clasts of early diagenetic dolomite Dol-1 (rwDol-1) at the base of a
transgressive subtidal bed in the Calcare Metallifero Bergamasco (CMB) in northern Italy.
(B) Stratiform mosaic breccia with clasts of replacive Dol-2 (rDol-2) cemented by sphalerite
(Sp) and calcite Cal-2. (C,D) Mesoscopic features (C), and transmitted light photomicrograph
of sample OC89 (D), showing rDol-2, sphalerite (Sp), and Cal-2 relationships in mineralized
breccias. (E) Bivalve shells in the CMB, partially filled with Dol-2. (F) Dissolution cavity in the
Breno Formation (dashed line) infilled by laminated sediments (Ised), resting on euhedral
terminations of Cal-2 crystals. (G) Internal sediments in dissolution cavity in the Breno Forma-
tion (base delimited by dashed line). Lag of reworked Dol-2 clasts (rwDol-2) passes upward

to finer-grained laminated sediments (Ised).

residues such as host-rock clasts and millime-
ter- to centimeter-sized reworked fragments
of Dol-2 cements in a finer carbonate matrix.
Internal sediments are cemented by fluorite,
Cal-2, or sulfides. A further saddle dolomite
generation (Dol-3), mostly dull brown in CL,
fills a stockwork of veinlets crossing Dol-2
dolomitized bodies. Locally, Dol-3 syntaxi-
ally overgrows Dol-2 cements in larger veins
and fenestral pores, and reworked Dol-2 clasts
in dissolution cavity infills (Figs. 3C-3F). Ho-
mogenization temperatures from primary FlIs
in Dol-3 cements range between ~80 °C and
140 °C (mean value: 107 + 12 °C). Euhedral

terminations of Dol-3 crystals are overgrown
by sphalerite, showing that sulfide precipitation
directly followed Dol-3 (Figs. 3C-3F). Sphaler-
ite commonly forms equant crystals up to mil-
limeters in size, occurring both as void-filling
cements and as replacement of the carbonate
host (Figs. 2B-2D and 3C-3H). A post-sulfide
sparry calcite cement (Cal-2), up to centimeters
in size, fills the remaining voids in pores, veins,
and dissolution cavities (Figs. 2B-2D, and 2F).
Cal-2 shows an almost homogeneous bright-
yellow CL and, depending on the site, over-
grows either Cal-1, Dol-2, Dol-3, or sphalerite
(Figs. 3A and 3E-3H). Locally, the Cal-1/Cal-
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2 boundary is irregular and cuts through CL
zones in Cal-1, showing that Cal-2 precipitation
occurred after etching of Cal-1 (Fig. 3B); in
other places, Cal-2 completely replaced former
Cal-1 void-filling cements (e.g., Figs. SOA—
S6B). Cal-2 also fills thin veins locally associ-
ated in swarms and merging with cavity-filling
Cal-2 cements. Commonly, the undolomitized
host sediments (Figs. 3A and 3B) show the
same bright yellow CL, pointing to large-scale
recrystallization coeval with Cal-2. Fluorite
may occur together with Cal-2, showing vari-
able geometric relationships, suggesting copre-
cipitation of the two minerals. In conclusion,
only two pore-filling calcite cement generations
are recognizable over the whole study area.
Therefore, all the yellow-luminescent calcite
is referrable to Cal-2 and postdates sphalerite.
Additional petrographic data are provided in
the Supplemental Material.

CARBONATE U-Pb GEOCHRONOLOGY

In total, nine measurement sites from five
carbonate-bearing samples provided robust
radiometric ages (Figs. 4B and 4C; Tables
S2 and S3; Fig. S2). The earliest dolomite in
the paragenetic sequence (Dol-1) yielded an
age of 245.8 + 12.5 Ma (95% confidence in-
terval). Pre-sulfide replacive and void-filling
Dol-2 yielded ages of 229.9 4+ 11.2 Ma and
227.1 £ 17.9 Ma, respectively, while post-
sulfide Cal-2 yielded ages of 232.2 4+ 5.2 Ma,
229.0 £ 10.8 Ma, 228.4 + 5.3 Ma, and
226.9 + 5.3 Ma. All of these ages fall within a
relatively narrow range and overlap or shortly
postdate the early Carnian depositional age of
the host rocks (ca. 237-232 Ma; Fig. 4B). Two
younger ages probably represent resetting at
later times rather than younger formation ages
(see the Supplemental Material for discussion).

DISCUSSION AND CONCLUSIONS

The U-Pb radiometric ages presented here
provide the first robust constraints on the age of
ore formation in the Gorno area. The younger age
limit is given by the age of 232.2-227.0 Ma of
post-sulfide Cal-2, whereas the maximum age is
defined by the precipitation of pre-sulfide Dol-2
and by host-rock deposition (early Carnian; ca.
237-232 Ma; Fig. 4B). Therefore, all processes
occurring between Dol-2 and Cal-2 precipita-
tion, which include dissolution, brecciation, and
sulfide precipitation, must fall in a time window
of a few million years after the deposition of the
host rocks. Thus, based on the known thicknesses
of the overlying sediments (Gorno/Val Sabbia
and San Giovanni Bianco Formations, and the
lowermost part of Dolomia Principale; Jadoul
etal., 2012), we conclude that the burial depth at
the time of ore formation was relatively shallow
(tens to a few hundreds of meters).

Homogenization temperatures of primary
FIs in pre-ore hydrothermal dolomites (Dol-2;
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Figure 3. (A,B) Fenestral pores filled with calcites Cal-1 and Cal-2, surrounded by sediment
recrystallized by Cal-2 (rxCal2). In B, Cal-1 was affected by dissolution and Cal-2 reprecipitation
(A: transmitted light [TL] + cathodoluminescence [CL]; B: CL). (C,D)TL (C) and CL (D) images
of a shrinkage pore filled with dolomite Dol-2, Dol-3, and sphalerite (Sp) cements. (E,F) TL (E)
and CL (F) images of reworked Dol-2 cements (rwDol-2) in a dissolution cavity, overgrown
by Dol-3, sphalerite (Sp), and Cal-2. (G,H) TL (G) and CL (H) images of Cal-2 postdating and

filling fractures in sphalerite (Sp).

Dol-3) range between ~80 °C and 140 °C.
These results and the observed carbonate para-
genesis are closely comparable to those reported
for the same area by Hou et al. (2016), who, in
the absence of absolute age determinations, in-
terpreted the formation temperatures to be the

result of deep burial. However, our new radio-
metric data and the consequent shallow burial
depths show that these temperatures are too high
to have been caused by the burial load alone,
even assuming a high geothermal gradient of 40
°C/km, which is possible in continental areas of

extension (Jaupart and Mareschal, 2007). Thus,
our data clearly indicate a thermal disequilib-
rium between the fluids and host rocks.

High crustal heat flux was likely at that
time. In fact, regional magmatism linked to
extensional and strike-slip tectonics (Doglioni,
1987; Berra and Carminati, 2010) is well docu-
mented in the Southalpine domain during the
Anisian—Carnian, related to an early phase of
Pangea breakup (De Min et al., 2020, and refer-
ences therein). In the Gorno district, pyroclastic
layers in the lower Carnian Breno Formation and
CMB, and volcaniclastic deposits in the over-
lying Val Sabbia Sandstone provide evidence
for magmatism (Jadoul et al., 2012). While a
direct genetic link between sulfide mineraliza-
tion and magmatism cannot be inferred from the
available data, it is likely that magmatic activ-
ity contributed to the high heat fluxes necessary
to drive a hydrothermal system in the Gorno
district. Concurrent thermal perturbation and
extensional faulting triggered the circulation of
fluids, which leached base metals from depth,
e.g., from basement rocks, resulting in sulfide
deposition within the carbonate sediments.

The classic MVT model, envisaging circula-
tion of basinal brines in foreland settings, was orig-
inally defined for the deposits of the Mississippi
River basin. This model relates high precipitation
temperatures to deep burial, and it has often been
applied to other carbonate-hosted Pb-Zn deposits
worldwide. However, its general applicability has
been challenged, since new geochronologic data
showed that MVT deposits can also form at shal-
low depths in extensional settings, and possibly be
related to magmatism (e.g., Twelve Mile Bore and
Bloodwood-Kapok in Western Australia—Bran-
non et al., 1996; Maestrat basin in Spain—Gran-
dia et al., 2000; Irish Midlands—Hnatyshin et al.,
2015; Jabali in Yemen—Ostendorf et al., 2015;
Tres Marias in Mexico—Ostendorf et al., 2017).
The Gorno case represents a further example of
an MVT deposit formed at shallow burial depth
and in an extensional setting, and it confirms the
need for solid geochronological data to construct
reliable metallogenic models. In the absence of

»
>

Figure 4. (A) Paragenetic sequence showing
relative timing of the principal mineral gen-
erations. Dashed lines indicate uncertainty
ranges. (B) Selected U-Pb ages of carbonate
minerals (six measurement sites) with error
bars. Red rectangle highlights the overlap
interval of calcite Cal-2 ages. (C) Selected
Tera-Wasserburg concordia diagrams of ore-
related carbonates. Reported uncertainties
of lower-intercept age do not include addi-
tional 2% relative long-term excess variance
(Guillong et al., 2020). See the Supplemen-
tal Material (see footnote 1) for full U-Pb age
data. Values between vertical bars (x|y|z)
are standard error (x) and (95%) confidence
interval without (y) and with (z) overdisper-
sion. (2*’Pb/?%Pb), is initial lead composition.
MSWD—mean square of weighted deviates.
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age data, any correlation between precipitation
temperatures and burial depths is highly question-
able, and inferences about geodynamic settings
remain speculative. The term MVT encompasses
a broad range of sulfide deposits formed under
different conditions and should thus be used with
a purely descriptive meaning, avoiding genetic
implications.
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