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ABSTRACT

The tectonic setting of Neogene is under debate, being interpreted as a 
contractional, pulsing or extensional framework. On the key-areas to unravel this 
issue is the Gavorrano monzogranite, located  nearby the Tyrrhenian seacoast, in 
the inner zone of the Northern Apennines (southern Tuscany), where a Neogene 
monzogranite body (estimated in about 3 km long, 1.5 km wide, and 0.7 km thick) 
emplaced during early Pliocene. This magmatic intrusion is partially exposed in a 
ridge bounded by regional faults delimiting broad structural depressions. A 
widespread circulation of geothermal fluids accompanied the cooling of the 
magmatic body and gave rise to an extensive Fe-ore deposit (mainly pyrite) 
exploited during the past century. Data from a new fieldwork dataset, integrated 
with information from the mining activity, have been integrated to refine the 
geological setting of the whole crustal sector where the Gavorrano monzogranite 
was emplaced and exhumed. Our review, implemented by new palynological, 
petrological and structural data pointed out that: i) the age of the Palaeozoic phyllite 
(hosting rocks) is middle-late Permian, thus resulting younger than previously 
described (i.e. pre-Carboniferous); ii) the P-T conditions at which the metamorphic 
aureole developed are estimated at about 660 °C and at a maximum depth of c. 5 
km; iii) the tectonic evolution which determined the emplacement and exhumation 
of the monzogranite is constrained in a transfer zone, in the frame of the 
extensional tectonics affecting the area continuously since Miocene.
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Extension has been progressively affected Northern Apennines 
eastwards since Miocene. The clearest evidence is the opening of 

the Tyrrhenian Basin. Since late Miocene, extension is accompanied 
by coeval magmatism.  

Gavorrano 
monzogranite

…….NEVERTHELESS…….
Emplacement of the Pliocene Gavorrano monzogranite  (4.9 Ma, Borsi et al., 1967) was explained in different tectonic contexts:

EXTENSION
TRANSTENSION
COMPRESSION

Marinelli, 1961; Arisi Rota et al., 1971
Rossetti et al., 2001

Musumeci et al., 2005; 2008; Sani et al. 2009; Montanari et al. 2010; 

SCIENTIFIC QUESTIONS

…….FURTHERMORE…….
AGE OF PALEOZOIC HOSTING ROCKS: Permian (Cocozza et al., 1974) or pre-Carboniferous (Bagnoli et al., 1978) 

THE MAIN MAGMATIC BODIES ARE LOCATED ALONG THE MIOCENE-PLIOCENE TRANSFER ZONES
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METHODOLOGY

FIELD MAPPING AND INTEGRATION WITH MINING DATA  

STRUCTURAL AND KINEMATIC DATA COLLECTION ON FAULTS 

P-T CONDITIONS IN THE PALAEOZOIC HOSTING ROCKS  

ANALYSIS  OF THE PALEOZOIC MICROFLORA IN THE HOSTING ROCKS

We addressed to the study of the hosting rocks and the tectonic context in which the Pliocene  
monzogranite emplaced, by adopting the following methods:
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FIELD MAPPING
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ȱ
Figureȱ2.ȱStratigraphicȱlogsȱofȱtheȱtectonicȱunitsȱexposedȱinȱtheȱstudyȱareas.ȱTheȱsuccessionsȱthatȱareȱexposedȱareȱindicatedȱ
byȱcolours.ȱSymbols:ȱTr—continentalȱcarbonateȱconsistingȱofȱtravertineȱandȱlacustrineȱlimestone;ȱPle—fluvioȬlacustrineȱ
sedimentsȱconsistingȱofȱpebblyȱsandȱandȱsandyȱclayȱwithȱinterbeddedȱpebbleȱlayers;ȱM—LateȱMessinianȱpolygenicȱreddishȱ
sandyȬconglomerateȱandȱclayȱlevelȱ(MontebamboliȱconglomerateȱAuctt.);ȱJC—ArgilleȱaȱPalombiniȱFm:ȱsiliceousȱcalcilutite,ȱ
calcarenite,ȱshaleȱandȱmarl;ȱSF—SantaȱFioraȱFm:ȱlimestone,ȱsandstoneȱandȱshaleȱpassingȱtoȱmarlȱandȱsiltyȬmarlȱatȱtheȱtop;ȱ
Mac—MacignoȱFm:ȱquartzȬfeldsparȱsandstoneȱandȱshale;ȱSc—ScagliaȱToscanaȱGroup:ȱshale,ȱlimestone,ȱmarl,ȱcalcareniteȱ
andȱbiocalcirudite;ȱMai—MaiolicaȱFm:ȱchertyȱlimestone,ȱcalcilutite;ȱDi—DiaspriȱFm:ȱradiolariteȱandȱshale;ȱMp—Marneȱaȱ
Posidoniaȱ Fm:ȱmarlȱ andȱmarlyȱ limestone;ȱ Cs—Calcareȱ Selciferoȱ Fm:ȱ chertyȱ limestone,ȱmarlȱ andȱ shale;ȱ Cra—Rossoȱ
AmmoniticoȱFm:ȱreddishȱnodularȱ limestoneȱandȱshale;ȱCm—CalcareȱMassiccioȱFm:ȱmassiveȱ limestone;ȱCrc—Calcariȱaȱ
RhaetaviculaȱcontortaȱFm:ȱbeddedȱ limestoneȱandȱmarl.ȱEv—BuranoȱFm:ȱdolostoneȱandȱgypsum/anhidryteȱ layers;ȱToc—
TocchiȱFm:ȱmetacarbonateȱandȱphyllite;ȱVer—VerrucanoȱGroup:ȱquartzȬmetaconglomerate,ȱmetasandstoneȱandȱphyllite.ȱ
Py—PalaeozoicȱphylliteȬquarziteȱGroup:ȱorganicȬmatterȱbearingȱphylliteȱandȱmetasandstone.ȱHoA:ȱcarbonateȱhornfels;ȱ
Hob:ȱpeliticȱhornfels;ȱGr:ȱGavorranoȱmagmaticȱcomplex.ȱ

Stratigraphic logs of the tectonic units 
exposed in the study areas. The 
successions that are exposed are indicated 
by colours. Symbols: Tr—continental 
carbonate consisting of travertine and 
lacustrine limestone; Ple—fluvio-
lacustrine sediments consisting of pebbly 
sand and sandy clay with interbedded 
pebble layers; M—Late Messinian 
polygenic reddish sandy-conglomerate and 
clay level (Montebamboli conglomerate 
Auctt.); JC—Argille a Palombini Fm: 
siliceous calcilutite, calcarenite, shale and 
marl; SF—Santa Fiora Fm: limestone, 
sandstone and shale passing to marl and 
silty-marl at the top; Mac—Macigno Fm: 
quartz-feldspar sandstone and shale; Sc—
Scaglia Toscana Group: shale, limestone, 
marl, calcarenite and biocalcirudite; Mai—
Maiolica Fm: cherty limestone, calcilutite; 
Di—Diaspri Fm: radiolarite and shale; Mp
—Marne a Posidonia Fm: marl and marly 
limestone; Cs—Calcare Selcifero Fm: 
cherty limestone, marl and shale; Cra—
Rosso Ammonitico Fm: reddish nodular 
limestone and shale; Cm—Calcare 
Massiccio Fm: massive limestone; Crc—
Calcari a Rhaetavicula contorta Fm: 
bedded limestone and marl. Ev—Burano 
Fm: dolostone and gypsum/anhidryte 
layers; Toc— Tocchi Fm: metacarbonate 
and phyllite; Ver—Verrucano Group: 
quartz-metaconglomerate, metasandstone 
and phyllite. Py—Palaeozoic phyllite-
quarzite Group: organic-matter bearing 
phyllite and metasandstone. HoA: 
carbonate hornfels; Hob: pelitic hornfels; 
Gr: Gavorrano magmatic complex.  



vEGU 2021 -D. Liotta et al.: granite emplacement: the case of the Gavorrano monzogranite - 27 April 2021

Th
e r

eg
ion

al 
tra

ns
fer

 sh
ea

r z
on

e c
on

tro
ls 

thi
s v

all
ey

 Geological map

FIELD MAPPING

👁

ph
oto

 vi
ew



vEGU 2021 -D. Liotta et al.: granite emplacement: the case of the Gavorrano monzogranite - 27 April 2021

FIELD MAPPING

MINING DATA
Geosciencesȱ2021,ȱ11,ȱ124ȱ 7ȱ ofȱ 31ȱ
ȱ

ȱ

ȱ
Figureȱ4.ȱGeologicalȱmapȱofȱ theȱ ƺ200ȱmȱa.s.l.ȱ levelȱofȱ theȱGavorranoȱmineȱ (seeȱFigureȱ3aȱ forȱ theȱ location)ȱandȱrelatedȱ
geologicalȱ section,ȱ redrawnȱ fromȱ originalȱ documentsȱ storedȱ inȱ theȱ archiveȱ ofȱ theȱ Tuscanȱ Miningȱ Geoparkȱ
(www.parcocollinemetallifere.it,ȱGavorrano;ȱaccessedȱdateȱ(4ȱMarchȱ2021).ȱGeological map of the −200 m a.s.l. level of the Gavorrano 

mine and related geological section, redrawn from original 
documents stored in the archive of the Tuscan Mining Geopark.  
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area.ȱAȱmaximumȱlimitȱforȱtheȱpressure,ȱprovidedȱbyȱtheȱintersectionȱofȱreactionȱ(2)ȱwithȱ
theȱandalusiteȬsillimaniteȱequilibriumȱisȱofȱc.ȱ170ȱMPa,ȱcorrespondingȱtoȱaȱtemperatureȱofȱ
c.ȱ640ȱ°C.ȱAtȱlowerȱpressures,ȱhigherȱtemperaturesȱforȱtheȱthermalȱpeakȱareȱpossible.ȱ ȱ

Quantitativeȱ estimatesȱ ofȱ theȱ temperatureȱ wereȱ attemptedȱ byȱ theȱ TiȬinȬbiotiteȱ
thermometerȱbyȱWuȱetȱal.ȱ[108].ȱThisȱwasȱcalibratedȱforȱpeliticȱrocksȱcontainingȱaȱTiȬrichȱ
phaseȱsuchȱasȱilmeniteȱorȱrutileȱatȱpressureȱhigherȱofȱ100ȱMPa,ȱthusȱbeingȱappropriateȱforȱ
theȱpresentȱcase.ȱOnȱtheȱbasisȱofȱ7ȱbiotiteȱanalysesȱofȱaȱcorundumȬbearingȱhornfelsȱsampleȱ
(TableȱA1),ȱaȱmeanȱvalueȱofȱc.ȱ660ȱ°Cȱwasȱobtainedȱatȱaȱpressureȱofȱ170ȱMPaȱandȱofȱc.ȱ650ȱ
°Cȱatȱaȱpressureȱofȱ100ȱMPa.ȱAȱcheckȱonȱtheȱcompatibilityȱofȱtheseȱnumericalȱresultsȱwithȱ
theȱPȬTȱextentȱofȱtheȱgreyȱareaȱinȱtheȱdiagramȱofȱFigureȱ9,ȱsuggestsȱaȱpressureȱvalueȱlowerȱ
thanȱ c.ȱ 150ȱMPa,ȱ correspondingȱ toȱ aȱdepthȱ lowerȱ thanȱ c.ȱ 6ȱkm,ȱ assumingȱ anȱ averageȱ
densityȱ ofȱ 2650ȱ kg/m3ȱ forȱ theȱ upperȱ crust.ȱ However,ȱ consideringȱ theȱ errorȱ ofȱ theȱ
thermometer,ȱ thisȱ latterȱ Pȱ limitȱ shouldȱ beȱ verifiedȱ throughȱmoreȱ refinedȱ petrologicalȱ
methodsȱand/orȱgeologicalȱconstraints.ȱ ȱ

ȱ
Figureȱ 9.ȱ PȬTȱ gridȱ fromȱ [109]ȱ hereȱ adoptedȱ toȱ constrainȱ conditionsȱ forȱ theȱ peakȱ ofȱ contactȱ
metamorphism.ȱMuscoviteȱbreakdownȱcurvesȱatȱPH2Oȱ=ȱPtotalȱareȱfromȱ[110],ȱtheȱgraniteȱwetȱsolidusȱ
curveȱ isȱfromȱ[111]ȱandȱtheȱandalusiteȬsillimaniteȱequilibriumȱ lineȱfromȱ[112–114].ȱTheȱgreyȱareaȱ
indicatesȱpeakȱPȬTȱregionȱcompatibleȱwithȱtheȱpresenceȱofȱandalusiteȱ+ȱKȬfeldsparȱand,ȱ inȱsilicaȬ
poorȱdomains,ȱofȱcorundumȱ+ȱKȬfeldspar.ȱPointȱ(a)ȱindicatesȱmaximumȱestimateȱforȱpressureȱonȱtheȱ
basisȱofȱ theȱ corundumȱ +ȱKȬfeldsparȱpresence,ȱ resultingȱ inȱ aȱvalueȱofȱ 170ȱMPa.ȱTheȱdottedȱ lineȱ
connectsȱpointsȱrelatedȱtoȱtemperatureȱestimatesȱbyȱTiȬinȬbiotiteȱthermometerȱatȱ170ȱandȱ100ȱMPa,ȱ
respectively.ȱPointȱ (b)ȱ indicatesȱmaximumȱestimateȱ forȱpressureȱonȱ theȱbasisȱofȱ theȱTiȬinȬbiotiteȱ
thermometer,ȱresultingȱinȱaȱvalueȱofȱc.ȱ150ȱMPa.ȱ

5.ȱStructuralȱandȱKinematicȱDataȱ
Theȱgeologicalȱsettingȱwasȱalreadyȱreconstructedȱbyȱtheȱlargeȱamountȱofȱminingȱdataȱ

asȱ reportedȱ inȱ severalȱ papersȱ (e.g.,ȱ [25,26,29,65]).ȱ Nevertheless,ȱ stillȱ contrastingȱ
hypothesesȱareȱprovidedȱbyȱdifferentȱauthorsȱonȱtheȱtectonicȱevolutionȱthatȱaccompaniedȱ
theȱplutonȱemplacementȱandȱitsȱexhumationȱ(cf.ȱ[26,35,36,115]).ȱ ȱ

Inȱorderȱtoȱcontributeȱtoȱthisȱissue,ȱexistingȱminingȱdocumentsȱandȱaȱnewȱdatasetȱofȱ
structuralȱandȱkinematicȱdataȱhaveȱbeenȱintegrated.ȱFigureȱ3aȱshowsȱtheȱlocationȱofȱtheȱ
stationsȱwhereȱtheȱstructuralȱanalysisȱhasȱbeenȱcarriedȱout.ȱTheȱresultsȱareȱshownȱinȱtheȱ
stereographicȱdiagrams,ȱreportedȱinȱtheȱAnnexȱ1.ȱ
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GRANITE HOSTING ROCKS
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ȱ
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ȱ
Figureȱ2.ȱStratigraphicȱlogsȱofȱtheȱtectonicȱunitsȱexposedȱinȱtheȱstudyȱareas.ȱTheȱsuccessionsȱthatȱareȱexposedȱareȱindicatedȱ
byȱcolours.ȱSymbols:ȱTr—continentalȱcarbonateȱconsistingȱofȱtravertineȱandȱlacustrineȱlimestone;ȱPle—fluvioȬlacustrineȱ
sedimentsȱconsistingȱofȱpebblyȱsandȱandȱsandyȱclayȱwithȱinterbeddedȱpebbleȱlayers;ȱM—LateȱMessinianȱpolygenicȱreddishȱ
sandyȬconglomerateȱandȱclayȱlevelȱ(MontebamboliȱconglomerateȱAuctt.);ȱJC—ArgilleȱaȱPalombiniȱFm:ȱsiliceousȱcalcilutite,ȱ
calcarenite,ȱshaleȱandȱmarl;ȱSF—SantaȱFioraȱFm:ȱlimestone,ȱsandstoneȱandȱshaleȱpassingȱtoȱmarlȱandȱsiltyȬmarlȱatȱtheȱtop;ȱ
Mac—MacignoȱFm:ȱquartzȬfeldsparȱsandstoneȱandȱshale;ȱSc—ScagliaȱToscanaȱGroup:ȱshale,ȱlimestone,ȱmarl,ȱcalcareniteȱ
andȱbiocalcirudite;ȱMai—MaiolicaȱFm:ȱchertyȱlimestone,ȱcalcilutite;ȱDi—DiaspriȱFm:ȱradiolariteȱandȱshale;ȱMp—Marneȱaȱ
Posidoniaȱ Fm:ȱmarlȱ andȱmarlyȱ limestone;ȱ Cs—Calcareȱ Selciferoȱ Fm:ȱ chertyȱ limestone,ȱmarlȱ andȱ shale;ȱ Cra—Rossoȱ
AmmoniticoȱFm:ȱreddishȱnodularȱ limestoneȱandȱshale;ȱCm—CalcareȱMassiccioȱFm:ȱmassiveȱ limestone;ȱCrc—Calcariȱaȱ
RhaetaviculaȱcontortaȱFm:ȱbeddedȱ limestoneȱandȱmarl.ȱEv—BuranoȱFm:ȱdolostoneȱandȱgypsum/anhidryteȱ layers;ȱToc—
TocchiȱFm:ȱmetacarbonateȱandȱphyllite;ȱVer—VerrucanoȱGroup:ȱquartzȬmetaconglomerate,ȱmetasandstoneȱandȱphyllite.ȱ
Py—PalaeozoicȱphylliteȬquarziteȱGroup:ȱorganicȬmatterȱbearingȱphylliteȱandȱmetasandstone.ȱHoA:ȱcarbonateȱhornfels;ȱ
Hob:ȱpeliticȱhornfels;ȱGr:ȱGavorranoȱmagmaticȱcomplex.ȱ

Focus on the Palaeozoic 
phyllite hosting rocks

peak contact metamorphism 
conditions at:


T=660°C; P=150 MPa
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ȱ

ȱ

ȱ
Figureȱ7.ȱMicrographsȱofȱtheȱpeliticȱandȱsemipeliticȱrocksȱaffectedȱbyȱcontactȱmetamorphism.ȱ(a)ȱdȬ
porphyroclastȱ completelyȱ replacedȱbyȱ sericiteȱ (planeȱpolarizedȱ light).ȱ (b,c)ȱScannedȱ thinȱ sectionȱ
(planeȱpolarizedȱlightȱinȱ(b)ȱwithȱaȱdetailȱ(crossedȱpolarsȱinȱ(c)ȱshowingȱtheȱellipticalȱcloudyȱspots.ȱ
(d–f)ȱAndalusiteȱcrystalsȱ(planeȱpolarizedȱlight)ȱthat,ȱinȱsomeȱcases,ȱshowȱdarkȱinclusionsȱarrangedȱ
inȱgeometricalȱpatternȱtypicalȱofȱchiastolite.ȱTourmalineȱcrystalsȱadjacentȱtoȱelongatedȱandalusiteȱ
(d)ȱcanȱbeȱobserved.ȱ(g)ȱScannedȱthinȱsectionȱandȱdetailȱ(h)ȱofȱcorundumȱcrystalsȱcharacterisedȱbyȱaȱ
coronaȱmadeȱupȱofȱKȬfeldsparȱandȱminorȱamountȱofȱmuscoviteȱflakesȱwithinȱbiotiteȬrichȱlevelȱ(planeȱ
polarizedȱlight).ȱ(i,j)ȱDetailsȱ(planeȱpolarizedȱlight)ȱofȱpaleȱblueȱcorundumȱofȱsapphireȱvarietyȱandȱ
rutileȱ(i).ȱ(k)ȱDetailȱofȱtourmalineȱcrystalȱwithȱinterferenceȱcoloursȱupȱtoȱsecondȱorderȱblueȱ(crossedȱ
polars).ȱMineralȱabbreviationȱfromȱ[105].ȱ

Andalusite and Corundum 
are part of the mineralogical 

association in the phyllite
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AGE OF THE HOSTING ROCKS
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Figureȱ2.ȱStratigraphicȱlogsȱofȱtheȱtectonicȱunitsȱexposedȱinȱtheȱstudyȱareas.ȱTheȱsuccessionsȱthatȱareȱexposedȱareȱindicatedȱ
byȱcolours.ȱSymbols:ȱTr—continentalȱcarbonateȱconsistingȱofȱtravertineȱandȱlacustrineȱlimestone;ȱPle—fluvioȬlacustrineȱ
sedimentsȱconsistingȱofȱpebblyȱsandȱandȱsandyȱclayȱwithȱinterbeddedȱpebbleȱlayers;ȱM—LateȱMessinianȱpolygenicȱreddishȱ
sandyȬconglomerateȱandȱclayȱlevelȱ(MontebamboliȱconglomerateȱAuctt.);ȱJC—ArgilleȱaȱPalombiniȱFm:ȱsiliceousȱcalcilutite,ȱ
calcarenite,ȱshaleȱandȱmarl;ȱSF—SantaȱFioraȱFm:ȱlimestone,ȱsandstoneȱandȱshaleȱpassingȱtoȱmarlȱandȱsiltyȬmarlȱatȱtheȱtop;ȱ
Mac—MacignoȱFm:ȱquartzȬfeldsparȱsandstoneȱandȱshale;ȱSc—ScagliaȱToscanaȱGroup:ȱshale,ȱlimestone,ȱmarl,ȱcalcareniteȱ
andȱbiocalcirudite;ȱMai—MaiolicaȱFm:ȱchertyȱlimestone,ȱcalcilutite;ȱDi—DiaspriȱFm:ȱradiolariteȱandȱshale;ȱMp—Marneȱaȱ
Posidoniaȱ Fm:ȱmarlȱ andȱmarlyȱ limestone;ȱ Cs—Calcareȱ Selciferoȱ Fm:ȱ chertyȱ limestone,ȱmarlȱ andȱ shale;ȱ Cra—Rossoȱ
AmmoniticoȱFm:ȱreddishȱnodularȱ limestoneȱandȱshale;ȱCm—CalcareȱMassiccioȱFm:ȱmassiveȱ limestone;ȱCrc—Calcariȱaȱ
RhaetaviculaȱcontortaȱFm:ȱbeddedȱ limestoneȱandȱmarl.ȱEv—BuranoȱFm:ȱdolostoneȱandȱgypsum/anhidryteȱ layers;ȱToc—
TocchiȱFm:ȱmetacarbonateȱandȱphyllite;ȱVer—VerrucanoȱGroup:ȱquartzȬmetaconglomerate,ȱmetasandstoneȱandȱphyllite.ȱ
Py—PalaeozoicȱphylliteȬquarziteȱGroup:ȱorganicȬmatterȱbearingȱphylliteȱandȱmetasandstone.ȱHoA:ȱcarbonateȱhornfels;ȱ
Hob:ȱpeliticȱhornfels;ȱGr:ȱGavorranoȱmagmaticȱcomplex.ȱ

Focus on the Palaeozoic 
phyllite hosting rocks
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Figureȱ6.ȱSporomorphsȱ fromȱsamplesȱcollectedȱ inȱtheȱGavorranoȱareaȱ (scaleȱbarȱ indicatesȱ10ȱΐm):ȱ (1)ȱAlisporitesȱsp.ȱcf.ȱ
splendensȱ (Leschik)ȱ Fosterȱ 1979ȱ (slide:ȱ RAVȬ1);ȱ (2)ȱ Indeterminateȱ ornamentedȱ sporeȱ tetradȱ (slide:ȱ RAVȬ1);ȱ (3;12)ȱ
Reduviasporonitesȱ chalastusȱ (Foster)ȱ Elsikȱ 1999ȱ (slideȱRAVȬ1);ȱ (4–5)ȱ Thymosporaȱ opaquaȱ Singhȱ 1964ȱ (slideȱRAVȬ2);ȱ (6,9)ȱ
Hamiapollenitesȱspp.ȱ(slideȱRAVȬ2);ȱ(7)ȱDistriatitesȱinsolitusȱBharadwajȱandȱSalujhaȱ1964ȱ(slideȱRAVȬ1),ȱ(9)ȱIndeterminateȱ
trileteȱsporeȱ(slideȱRAVȬ1);ȱVallatisporitesȱsp.ȱcf.ȱarcuatusȱ(Marques–Toigo)ȱArchangelskyȱandȱGamerroȱ1979ȱ(slideȱRAVȬ2);ȱ
(11)ȱKraeuselisporitesȱsp.ȱ(slideȱRAVȬ1);ȱ(13,14)ȱHorriditriletesȱramosusȱ(BalmeȱandȱHennelly)ȱBharadwajȱandȱSalujahȱ1964ȱ
(slideȱRAVȬ1);ȱ(15)ȱDensoisporitesȱsp.ȱ

Sporomorphs from samples 
collected in the Gavorrano area 
(scale bar indicates 10 µm): (1) 
Alisporites sp. cf. splendens 
(Leschik) Foster 1979 (slide: 
RAV-1); (2) Indeterminate 
ornamented spore tetrad (slide: 
RAV-1); (3;12) 
Reduviasporonites chalastus 
(Foster) Elsik 1999 (slide RAV-1); 
(4–5) Thymospora opaqua Singh 
1964 (slide RAV-2); (6,9) 
Hamiapollenites spp. (slide RAV-
2); (7) Distriatites insolitus 
Bharadwaj and Salujha 1964 
(slide RAV-1), (9) Indeterminate 
trilete spore (slide RAV-1); 
Vallatisporites sp. cf. arcuatus 
(Marques–Toigo) Archangelsky 
and Gamerro 1979 (slide RAV-2); 
(11) Kraeuselisporites sp. (slide 
RAV-1); (13,14) Horriditriletes 
ramosus (Balme and Hennelly) 
Bharadwaj and Salujah 1964 
(slide RAV-1); (15) 
Densoisporites sp. 

middle-late Permian 
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Geosciencesȱ2021,ȱ11,ȱ124ȱ 8ȱ ofȱ 31ȱ
ȱ

ȱ

ȱ
Figureȱ5.ȱGeologicalȱcrossȬsectionsȱacrossȱtheȱminingȱareas,ȱredrawnȱfromȱoriginalȱmineȱdocumentsȱstoredȱinȱtheȱarchiveȱ
ofȱtheȱTuscanȱMiningȱGeoparkȱ(www.parcocollinemetallifere.it,ȱGavorrano).ȱ(a)ȱGeologicalȱsectionȱacrossȱtheȱMonticelloȱ
Faultȱ(theȱtraceȱisȱindicatedȱinȱFigureȱ3a),ȱexploitedȱduringȱtheȱminingȱactivity:ȱtheȱmainȱhydrothermalȱparagenesesȱareȱ
indicatedȱonȱtheȱrightȱofȱtheȱboreholeȱlog.ȱ(b)ȱGeologicalȱsectionȱacrossȱtheȱRigoloccioȱmineȱ(theȱtraceȱisȱindicatedȱinȱFigureȱ
3a)ȱhighlightingȱtheȱtwoȱNEȬstrikingȱfaultȱsegmentsȱdissectingȱtheȱmineralisation.ȱNoteȱhowȱtheȱpyriteȱoreȱbodyȱhasȱbeenȱ
foundȱ atȱ theȱboundaryȱbetweenȱ theȱmagmaticȱ andȱhostingȱ rocks,ȱ andȱ atȱ theȱ contactȱbetweenȱ theȱPalaeozoicȬTriassicȱ
phylliteȱandȱquartziteȱandȱlateȱTriassicȱcarbonateȱsuccessions.ȱ

Today,ȱ theȱ intrusiveȱ rocksȱ areȱ partiallyȱ exposedȱ atȱ surfaceȱ orȱwereȱ tunneledȱ atȱ
shallowȱdepthȱinȱtunnelsȱdugȱduringȱtheȱminingȱactivityȱ(Figureȱ3a,b).ȱTheirȱexhumationȱ
wasȱcontrolledȱbyȱnormalȱfaults,ȱwellȬconstrainedȱinȱtermsȱofȱgeometryȱandȱdisplacementsȱ
byȱmeansȱofȱsurfaceȱandȱminingȱdataȱ[26,29,35].ȱ ȱ

Mainȱ faultsȱwereȱ namedȱ asȱGavorranoȱ (NNWȬSSEȱ striking)ȱ andȱMonticelloȱ (NȬSȱ
striking)ȱ faults,ȱdelimitingȱ theȱwesternȱandȱeasternȱmarginsȱofȱ theȱpluton,ȱrespectivelyȱ
(Figureȱ3a,b).ȱTheȱGavorranoȱFaultȱisȱdescribedȱasȱaȱwestȱdippingȱhighȱangleȱnormalȱfaultȱ
(60–70°)ȱandȱwithȱanȱarcuateȱgeometryȱ[29].ȱItsȱtotalȱoffsetȱexceedsȱ600ȱm.ȱTheȱMonticelloȱ
FaultȱisȱaȱmiddleȬangleȱ(35–50°)ȱnormalȱfaultȱdippingȱtoȱtheȱeastȱandȱisȱcharacterizedȱbyȱaȱ

Miocene Low angle fault zone affecting triassic carbonate rock
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The deformation can be 
explained as resulting by a 

realising step-over zone 
within the transfer shear 

zone, active since Miocene
The magmatic 
intrusion was 

channeled in this 
context

Uplift and 
exhumation 

are 
controlled by 

the same 
previously 
developed 
structures
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CONCLUSIONS

Clarification of hosting rock age

Definition of the P-T conditions during contact metamorphism

Magma emplacement in the framework of the transfer zone deformation

More details in:

Brogi et al. 2021 - The Gavorrano Monzogranite (Northern Apennines): An Updated Review of 
Host Rock Protoliths, Thermal Metamorphism and Tectonic Setting. Geosciences, 11, 124

OPEN ACCESS


