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ABSTRACT

Numerousstudieshavedocumentedrare-earthelement(REE)mobilityin
hydrothermalandmetamorphic fluids,buttheprocessesandtimingofREE
mobilityarerarelywellconstrained.TheRoundToplaccolithintheTrans-Pe -
cosmagmaticprovinceofwestTexas,aREEoreprospect, hascrosscutting
fractures filledwith fluoriteandcalcitealongwithavarietyofunusualmin -
erals.Mostnotablyamongtheseisanyttriumandheavyrare-earthelement
(YHREE)carbonatemineral,whichishypothesizedtobelokkaitebasedon
elementalanalyses.WhiletheRoundToplaccolithisdatedto36.2+0.6Ma
basedonK/Arinbiotite,U-Pb  fluoriteandnacriteagespresentedhereclearly
showthemineralizationintheseveinsisyoungerthan6.2+0.4Ma(theage
oftheoldest fluorite).Thisdiscrepancyindatessuggeststhat fluidsinteracted
withthelaccolithtomobilizeREEmorethan30m.y.afterigneousemplace -
ment.ThetimingofobservedREEmobilizationoverlapswithRioGranderift
extension,andwesuggestthatF-bearing  fluidsassociatedwithextension
mayberesponsibleforinitialmobilization.Alatergenerationof fluidswas
abletodissolve fluorite,andwehypothesizethislaterhistoryinvolvedsul -
furicacid.Synchrotronspectroscopyandlaserablationtinductivelycoupled
plasmatmassspectrometry(LA-ICP-MS)U-Pbdatingofmineralsthatrecord
these fluidsoffertremendouspotentialforamorefundamentalunderstanding
ofprocessesthatareimportantnotonlyforREEbutotheroredepositsaswell.

H 1.INTRODUCTION

Laserablationzinductivelycoupledplasma+massspectrometry(LA-ICP-MS)
hasrevolutionizedgeochemicalanalysesbecauseitsigni ~ ficantlyreducesmea -
surementtimeandallowsforsampleexplorationintheformofelementalmaps
andsampletransects.LA-ICP-MSisespeciallyusefulformakingtrace-element

*Currentaddress:EarthandPlanetarySciencesDepartment, UniversityofCaliforniaatSanta
Cruz,California95064,USA

Piccioneetal. __u_coz.ﬁmc.vcm@moo:m:m.RmosSﬂm.mm::m_m:gm:?og_.Nm:o:

measurementsonrockswithheterogeneouscompositionsandcomplex fluid
histories. Theabilitytopreservemineralfabricsisparticularlyimportantin
geochronology,wherespatiotemporalrecordsaidgeologicinterpretations.
Forcomplexgeologicsystems,suchashydrothermallyormetamorphically
alteredrocks,detailoftenoccursonscalessmallerthanevena<200um
lasercandistinguish.Inthesecases, pairingLA-ICP-MSwithspectroscopic
techniquessuchasRamanorsynchrotronisaninnovativewaytoassessthe
geochemicalcompositionoftherocksbeinganalyzed.
Hydrothermallyalteredrocksoftenhavecomplicatedtectonicand fluid
historiesthatmakeitdif ficulttoreconstructtheprocessesleadingtooregen -
esisintherockrecord.Datingthesegeologicallycomplexdepositsremains
challenging.Geochronologicmethods,includingK-ArandAr-AronK-bear -
ingveinmaterials;Sm-Ndon fluoriteandgarnet;Rb-Sronsphalerite; U-Pb
andTh-PboncalciteandseveralotherlessabundantU-bearingphaseshave
addedconsiderablytoconstrainingoremineralization.Morerecently,the
applicationofinsitutechniquessuchaslaserablationlCP-MSandsensitive
high-resolutionionmicroprobe(SHRIMP)hasgreatlyexpandedthescopefor
datingmineralization, particularlywith U-Pbdatingofcarbonatesandopal
(Lietal.,2004;Pfaffetal.,2009;Burischetal.,2017; Tanetal.,2017;Yanget
al.,2017;Walteretal.,2018).
WestudiedasuiteofhydrothermalveinsthatcrosscuttheRoundToplac -
colith(referredtosubsequentlyasRoundTop)inthe Trans-Pecosmagmatic
provinceofwestTexas.Theseveinscontainhighconcentrationsoftraceele -
mentssuchasREEandUandareheterogeneousonamicro-scale.Weuseda
varietyofmicroscopyandspectroscopytechniquestoelucidatethemineralogy
anddetailsofREEenrichmentinthisimportantREEdeposit.Basedonthese
findings,weusedLA-ICP-MSU-Pbdatingof ~ fluorite,nacrite,andcalcitetoplace
ageconstraintsonveinformationevents.Thecombinedapproachesallow
ustoidentifyatleasttwotypesof fluidsthatshowclearrelationshipstoREE
mobilization.PairingabsoluteandrelativegeochronologywithREEpatterns,
weidentifymultipleREEremobilizationeventsthatoccurredbetween6and
4Ma.Knowledgeofthetimingofgeochemistryofthese fluidsmightofferclues
intothespeci ficcomplexingligandsandthemechanismforremobilization.
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Rare-earth elements have long been used as geochemical proxies to char-
acterize hydrothermal ervironments. Fractionation of REEs inthe fuid phase
canbetraced back to geochemical processes including sorption, complaxation,
and co precipitation (Bau, 1991; Bau and Mo ller, 1982; Lo ttermosear, 1992). Remo-
bilization of REE has been documented in several suites of hydrothermally
altered rocks (Gierd, 1990; Ngwenya, 1994; Fan et al., 2004; van Dongen et al.,
20 0; Sheard et al., 2012; Genna & al., 2014; Li and Zhou, 2015; Debruyne et
al., 2016; C- novas at al,, 2018). The machanisms for REE ramobilization ara
not well characterized (Willlams-Jones et al., 2012; LI and Zhou, 2015). The
use of geochronologic constraints to resolve REE remobilization paired with
spectroscopic imaging techniques provides a possible framewark for exploring
thesa mathods in future work

M 2. GEOLOGIC SETTING

The Round Top Mountain rhyolite is part of the Sierra Blanca Complex,
located within the Trans-Pacos magmatic provinee of west Texas (Fig. 1). Tha
TransPecos province extends to southern New Maxico to the north, the Pecos
River to tha east, and tha Maxico-US. bo der to the wastand south (Barker,1987;
Henry and McDowell, 1986; Price et al., 1987 1990; O@Melll et al., 2017). Trans-Pa-
cos magmatism occurrad mainby 48232 Ma and has bean divided into two major
phases (Henry and McDowell, 1986; Hanry e al., 1983; Price & al., 1990; Rubin
et al.,, 1993). The early phase (48+£3 Ma) Is characterizad by numarous small,
silicicto-mafic igneou s intrusions, mafic lava flows, and two minorcalderaerup-
tions (Henry and McDowell, 1986; Price a al., 1990). The late phase [ 38+32 Ma)
Is calc-alkalic and alkalic volcanism, comprising the most voluminous episode
of Trans-Pacos mag matk m (Henry and Price, 1984; Henry and McDowell, 1986;
Price et al, 1990). Sierra Blanca Peak and, presumably, the rest of the Sierra
Blanca Complexlaccoliths, including Round Top, were emplaced duringthe main
phase of Paleogena bimodal TransPecos magmatic activity at 35.2 + 0.6 Ma
(Ké&r in biotite; Henry and McDowell 1988). Abso lute ages of amplacameant of
the four oth er laccoliths have not been determined, but a relative emplacement
sequence can be interpreted through major- and trace-elemeant differantiation
patterns. Based onthe increasing enrichrment of REEs, especially the increasing
ratio of heavy REEs (HREEs) to light REEs (LREEs) between the five laccoliths,
Triple Hill was emplaced first, followed sequentially by Sierra Blanca, Round
Top, Little Sierra Blanca, and Little Round Top (Shannon, 1988; Shannon and
Goodal, 1986; Price & al., 1990 Elliott, 2018). The small differences in highly
evolved compositions and rapld cooling textu res suggest the timing betwean
emplacement and duration of emplacement was relatively short.

Round Top s one ofonly a few known minable REE resourcesin the United
States. Previous work on the elermental composition of mineral grains by
alectron micro probe indicates that the REEs In the Round Top laccolith are
hosted by bastrilsite-(Ce), (Cekrich fluorite, yttrofluorite, xenotime-Y, zircon,
aeschynite<{Ce), a Ca-Th-Pb fluoride, and possibly ancylite-(La) and cerlan-
ita<{Ce) (Rubin at al., 1987, Price at al., 1990; CBNeill a al., 201 7). Basad on tha
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MEXICO

Figure 1. Location of the Sema Blanca Complex (shown in med) nelative

to major geologic structures within the Trans-Pecos mag matic provins,
The gray shaded region represemnts the Texas linsament zone- a broad,
=80 km-wide zoné of parallal tran stén sional faulting . Northw est- tranding

nomal Bults s elated to Rio Grands dfting. Map modified from Mus-
hiber ger [(1980), Price ot al [15890), and OBNeail st al (2017]

anhedral and interstitial nature of the REE-bearing trace phases, they appear
to crystallize late in the history ofthe laccolith (OEMelll e al., 2001 7). Addition-
ally, synchrotron X-ray abso rption fine structu re s pectrosco py (EXAFS) of the
Round Top rhyolite has been usedto suggest that virtually all the yttrium, a
proxy forthe chemical speciation ofHREEs, is hosted in yttrofluorite (Bau and
Dulski, 1995; Pingitore et al., 2014 Ponnurangarn & al., 201 5). Laceolith-hosted
yitrofluo rite is an hadral and interstitial in nature, suggesting that it crystallized
late inthe petrogenetic sequence. Yitrofluorite occurs along the outer portion
of feldspar phanocrysts, within K -feldspar overgrowths, as inclusions, and
within the K-feldspar portion ofthe rhyolite groundmass (OBNall et al., 2017).
Crosscutting fractu res have mineral caments including fluorite and calcite
MNorthwest-trending normal faultsfrom Basin and Rang e extension dissect
the TransPecos region. Faults of similar orientation cut the Round Top laceolith
(Fig. 1). Recent work on the Rio Grande rift suggests near synchronous rifting
alo ng the entire kength between 25 and 10 m.y. ago (Rick etts et al, 201 6). Based
on basin subsidence, rifting was rapid urtil 8 Ma, followed by a significant
hiatus coincident in time with Great Plains tilting at 6+4 Ma (van Wijk et al.,
2018). It is suggested that the tilting and uplift are associated with a mantle

1ztraints on rare-earth elameant mobllization
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upwelling and the rate of extension has remained similar since this tilting
{van Wijk et al., 2018). A compilation of strain rates acrossthe wastern United
States shows extension in theregion beginning ca. 20 Ma and continuing to
the present with impaortant transtension batween 12 and 4 Ma (Bahado ri et
al., 2018). Malt inclusions in olivine fram basalts of the Rio Grande rift show
an east to west decrease in volatiles panticularly in the southern Rio Grande
rit (Rowe et al., 2015). Changes in volatile budgets through time appear to
reflact increasing ly important asthanosphare sources following the loss of the
Precambrian lithosphere (Rowe et al., 2015).

M 3. ANALYTICAL METHODS

We collected samples from an ~10-m-wide highly brecciated zone within
ona ofthese fault ones (pictured in Supporting Materials 7). Sarmples wara
takan from within a mineralized zone that had a variety of textures with evi-
dence for brecclation and dissolutionfollowed by new generations of mineral
formation. The vein material was found within a powdery, disaggregated
matrix, and the orientations of the vein materials were not likely primary.

3.1 Sample Preparation

Samp les ware slabbed and polished into approximately cm-sized, mm-thick
wafers for scanning electron microscopy (SEM), synchrotron X-ray spectro-
microscopy, Raman spectroscopy, and laser ablation analyses.

3.2 Elemental Microscopy

Scanning electron microscopy imaging and element dispersive spactra
(EDS) analyses ware parformed at Stony Brook University (SBU) Matarial
Sciences facility with a Zeiss LEO1550 SEM. Samples were gold coated twice
with 3 nm (6 nm total) at an angle of 308 using an Edwards 150B Bsputter
coaterd Samples were mounted togather, and coppertape was placed across
samples to prevent charging of the suface. Images ware collectad with a
Robinson backscatter detector (RBSD) and a beam energy of 20 keV. The EDS
and EDAX spectra were collected from an EDAX Phoenix sapphire detector,
using software and dectronics from IXRF Systems.

3.3 Raman Spectroscopy

Micro-Raman spectroscopy was conducted at the Center for Planetary
Exploration (CPEX) at SBU. We used a WiTec alpha300 R confocal imaging
system equippedwith 532 nm N d:YAG (neodymium-doped yttrium aluminum
garnet; Nd: YAl ;0.2 laser with 5 mW nominal power at the sample surface and

a 50x (NA = 0.8) objective (spot size of 763 nm). Spot analyses consisted of
240 1-second integrations, which were aver aged. Micro-Raman maps consist
of 75 x 75 urm areas acquired with 180 x 150 poirts per line and integration
times of 0.3 seconds. Removal of cosmic rays and visualization were done
within the WIiTec Cortrold softwara.

3.4 Synchrotron XRF Spectromicroscopy

Initial microfocused synchrotron X+ay fluorescence (S-XRAF) imaging
was performed at the X+ay microprobe beamline X264, at the National Syn-
chrotron Light Source [NSLS), Brookhaven National Laboratory. Mapping
was conducted using a monochromatic X-ray beam tuned to 18 keV using a
Sii111) channelcut monochromator. Monochromatic X-rays were focused to
abeam siza of 5x 8 um (V x H) using a pair of 100-mmdong, elliptically bent,
Rh-coated silicon mirrors in a Kirkpatrick-Baez geomatry. Photon flux at this
incidert beam energy was -3 x 10° photons per second. X-ray fluorescence
spactra werae collected usingtwo single-alement VortexE X silicon-drit-diode
detectors and onae four-element Vortex-ME4 silicon-drit-diode datector (Sl
MNanotechnolbgy). Compositional maps were collected ina continuous scan
mode as described in Lareirott] et al. (2010).

Follow-up synchrotron ¥XRF elemental imaging was performed at the submi-
cron-resolution X-ray spectroscopy (SRX) and X+ay fluorescence microprobe
[ XFM) beamlines at tha Mational Synchrotron Light Sourca || (NSLS-I), a8 well
as the beamline 13-1D-E at the advanced ph oton source (APS). Atthe SRX beam-
line, samples wera mounted at 388to incident beam, while a three-slement
silicon-drift -dio de detector was placed at 9 relative to the incident bearn. XRF
maps wearna collected by raster scanning samples through the micro-focused
bearn with a spot size of 2 x 2 pm. At the X-ray fluorescence microprobe DXFM)
bearnline, a large XRF map was collected with the sample mounted at 458rda-
tivatothe micro-focused incident beam with a spot size of 5 x 8 um. Data were
collected using on-the-fly scan ning with a 12 ms dwell timeusing afour-element
Vortex-ME4 silicon-drift- diode detector with incident energy tunedto 173 ke, At
bearnling 13IDE, samples were mounted at 458 relative to the incident beam,
and samples were raster scanned with a micro-focused spot size of 1 x 1 pm.
X-rayfluorescance was measurad with an incident beam enaergy t© two d fferant
energies above and below the U L-adge binding enargy, 17.08 and 17.18 ke\{ using
a four-alerment silicon-drit-diode datector (Hitachi) mounted at 308 relative to
incidert bearn. Two Incident bearn energles, 1708and 1718 keV, aboveand balow
the U Ledge binding energy, wera used at 13-IDE to correct for spectral over
laps of the U L-edge emission lineswith emission lines due to Rb and Sr K-edge
fluorescence, which in fluorite can be very pronounced with energy dispersive
analysis at the energy resolution ofthe detector. These overlaps are strongest
on the U Lo emission line but negligible when generating maps using the U L.

5-XRF microprobe measuraments were made inthe Btenderf energy range
of 1to & kaV, at the tender energy X-ay spectroscopy (TES) beamline 8-BM
and at NSLS4l and at bearmline X158 at NSLS (Northrup et al., 2016; Morthrup,

Picolone et al. | Fluorite U-Pb age constraint on rare-earth alameant mabiliization
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2019). Incident beam energy was set to 3555 eV with 51 (111) monoch romator
crystals and focusedtoa 5x 10 um spot size for lar ge elemental maps and for
microbearm X—ay absorption spectroscopy and was reducedto 2 x3 pm for fine
mapping. Earliar measuraments at X158 [ NSLS precursor to TES) used a spot
size of 10 x 156 pm and 5i (111) monochromator, Samples were orlented at 458
to bearmn, and fluor escence was measured using a Canberra ultra-lowztenergy
Ge detector. Setting an energy of 3666 eV stimulates fluorescence fromthe )
M edge, the ¥ Ly edge, and the 5, 5i, Al,and Mg K-edges but is balow the Ca
K-edge to avoid interferences from that major element. Energy scanning was
conducted in quick on-the-fly mode, 10+£30 seconds per scan with multiple
scans at selected pixels ofthe elemental maps.

3.5 Laser Ablation Element Analyses and U-Pb Geochronology

Lasarablationtinductively coup led plas matmass spectrometry (LA-ICRMS)
analysesware conductad at th e Facllity for |sotope Research and Student Train-
ing (FIRST) at SBLL A 213 LIV New Wave laser system coupledto an Agilent
T600ex quadrupole ICP-MS was used for the analyses, Data sets include®*® L,
ETh, *®2Ph, ®Ph, and **Pb iso topes, which were collected sequentially for 0.1
seconds each throughout 30 second ablations. An 80 pm spot size was used
for most ofthe analyses (40 and 160 um spots were also used in some ofthe
sequences). For all of the analytical sessions, unknowns were bracketed by
at least five standard spots, and two standard spots were interspersed aftar
every five unknown spots, A typical session includes 20£30 unknowns and
16+20 standards. Tha WC-1 calcite standard (Robarts et al., 2017) was used as
a standard of known age for all mineralogies (carbonate, fluorite, and other
minarals) dua to the lack of standards for these unusual minerals, and Natio nal
Institute of Standards and Technology (NIST) 612 was used for Pb isotope
fractionation correction and for approximating elermment concantrations using
signal intensity ratios. Data were reduced in lolite (Paton et al., 2011) using
the U-Pb Geochronology 3 (or4) data reduction schema for U-Pb analyses
with NIST 612 as the primary Pb-U standard. Elemernt concentrations weare
processed with thetrace-element data reduction schemaes (DRS) insemigquan-
titative mode using MIST 612 as the standard. These DRS subtract baselines
and co rrect for downhole fractionation and drift of the sig nal.

For U-Pb LA-ICR-MS, reduced data are plotted using lsoplot {Lu dwig, 1998,
2003, 2012) ona modified Tera-Wasserburgisochron plot following the proce-
dure of Parrish etal. (2018, This method calculates radiogenic **Pb fram *=Th
decay and than subtracts it from total ®Phb to find the amountef commaon “Pb
(208c). This value is then used in plotting *®Ph/*®Ph versu s 22L/2%Ph, Using
2L /2P h also allows for common Pb-corrected *BLI2RE ages without hav-
ing to measura **Pb, Using this plot, the age and uncertainty corresponding
to the X-axls interoapt were used. Individual data points were also corrected
for common Pb using a Stacey-Kramers model age value of ®=Pb/™Ph and
plotted as a welghted average for related samples (Data Set 51 [footnote 1]).
All uncertainties on age calculations were reported as 2a.

at al. b age o on rare-aarth elamant

A secondary normalization used WC-1 for caleite, fluorite, and nacrite.
Although it would have been desirableto have matrix-matched standards, we
make the assumption that while some bias between calcite and fluorite may
axist, itis likely to be less than the ~7% damonstrated by Parrish et al. (2018)
between calcite and zircon, A further potential issue in our dating is the lack
of knowledge of the initial U activity ratio (=422 afthe U+ich fluids. High
activity can lead to the presence o funsupp orted **P b, which would cause age
calculations to ba too old. This effect has baan wall documeantad in calcite in
spelecthems of later Pleistocens age. However, given the mainly late Miocene
and Pliocena ages ofthis study, it would be nearly impossibleto measure any
residual disequilibrium, andthereforewe areunableto make any quantifiable
corraction forthis effect. We have not added any additional u ncartainty arising
from these sources of potential blas because they are likely insignificant rel-
ativeto therange of ages and magnitude of reported uncertainties presented
here and therefore hold little potential to change the overall interpratation of
ages and their geological significanca. Furthermaore, isochron ages presanted
here have a spread of mean square of weighted deviates (MSWDs) that range
frorm under to over dispersed, with some much larger than 1. Modeled ages
with over-disper sed MSWDs ar e treated with caution, but the ages are entirely
conslstant with battar co nstrained isochro ns.

W 4. RESULTS

4.1 Host Rhyolite Relationships to Vein Minerals within the
Fracture Zone

Within the fracture 2o ne, we find fragments of host rhyo lite with and with-
out vein minerals. Veins that cut the host rock (Figs. 2A and 2B) are filled
with a mixture of nacrite and fluorite. Fragments of host rock and nacrite
show in situ brecciation, and the area around the breccia clasts is filled by a
white calcite cement (Figs. 2B£2D and 2G). Nacrite, which can be light purple
(Figs. 2B and 2D top), pink (Fig. 2G), light green (Fig. 2D bottom), ortan (Fig. 2C),
commonly forms layers that are followed by green fluorite and then white
calcite (Figs. 2B+2D). As seen in Figura 2D, sometimes thase layers appear to
have formed on a preexisting calcite camant. A YHREE carbonate, which we
hypothesize to be lokkaite but refer to henceforth as YHREE carbonate due
to uncartainty in its identification, commonly ocecurs at boundaries between
fluorite and calcite, as shown In section 4.1.3, Fluorite is also found alona
(Fig. 2E) as wellas in the form of brecciated clasts within white calcite matrix
(Fig. 2F and 2G). Some examples of the breccia have clasts of primarily nacrite
and fluorite within a white calcite cement (Fig. 2G). Calcite Is the principal
minaral within the fracture with a variety of geometries and types, but the
most common of those k& a lighter-colo red calcite, Dark-brown calcite ocours
both as a mixture and independent of this white calcite (Fig. 2H). There are
variations on the samples shown herewith fluorite and nacrite forming layers
as wal as clasts. Wa have not found caleite as clasts inthe breccia. Wa see a

wobilization
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Figure2 Visiblelighti ftt lesfi hefracture.(A)Ho insthatare
filledbynacriteandcappedby fluorite.(B)Fracturedhostrhyolitewithnacritebetweenfragments
andonsurfacesfollowedby fluorite,whichisk iatedand ibycalcite.(C)B |
hostrhyolit hati 1itedbycalcite.(D)Layeredveinmaterialwiththecalciteon
thebottc ppearingtobethesurf: p hichnacritefoll dby fluoritefollowedbycalcite
grew.Thesemi Isappeartocc fromthetopandbottom.(E)Brecci igreen fluoritewith
calcite fillingbetweensomefragments.(F)Brecciated  fluoritewithcalcitecement.(G)Breccia
withnacriteand fluoritecl. (H)Twogeneratic fcalcite.Thewhi b Iciteishighly
enrichedi -earthel ts(REEs).Thel IciteislowinREEbuthashighU-Pbratios.
Labelsare:h— host;ah- alteredhost;n- nacrite;f- fluorite;fc— fluoritewithcalcite;c- calcite;
isibleh heyttrii dh yrare-earthelement(YHREE)carbon -

1doccursbhetween fluori Icalcite.Scalebarsarealllcm.

di itet

b-b dzone.Notv
atethatlinesthet

<
<

gradationbetweenlayeredsamples(Figs.2Band2D)andhighlybrecciated
samples(Figs.2C,2Fand2G).Calciteappearstomineralizelast, fillingspaces
andperhapsdisplacingothermineralsduringgrowthinatleastsomecases.
Forexample,inFigure2B,thegreen fluoriteisfragmentedandseparatedby
calciteeventhoughitformsalayerovernacrite.

4.1.1Nacrite

RamanmappingofthemicrocrystallinephaseshowninFigures2B,2D,
and2G(labeledn)isconsistentwithnacriteAl ,Si,05(OH),withseveralstrong
Ramanpeaksat126,195,318,524,747,3619,and3696 Acm ~'(Figs.3Band3C).
Ramanmapsareconsistentelementalchemistry,whichindicatesanAl-rich
phase.lnsomecases,othercations(particularlyMgandFe)arepresent,which
mayindicateasolidsolutionwithdickite.Ramanspectroscopyisnotableto
distinguishbetweennacriteanddickite.Here,forsimplicity, werefertothis
phaseasnacrite,althoughwenotetheremaybechemicalcomplexity. The
peakat318 Acm “'isconsistentwith fluorite,suggestingthatthisphaseisa
mixofnacrite+ fluorite(Fig.3C).Thisnacriteand  fluoriteassociationisatthe
submicronscale,becauseitisnotpossibletodistinguishbetweenthemat
thehighestmagni ficationwiththeSEMormappingwithaRamanspotsize

820 D [ P
780 ..m. _.m Figure3.(A)Ramanmapofveinmate -
= 1600 _._Iu._ ‘H rial.Darkregionontopis  fluorite(spectra
E 740 R ° showninB);lighterregiononthebottom
w. £ _ ..m. isnacrite(spectrashowninC).(B)JRaman
S 700 Fluorite 3 3 spectraindicate fluorite.(C)Ramanspec -
1 M < o .m trafromcryptocrystallinephaseshowthe
& 950 O .ﬂw&oo. ° ; _a m presenceofnacrite.(D) X-raydiffraction
..w. m m 5 8 , m J (XRD)spectraofaselectedcryptocrys -
5 < = w m _, ,__ w H tallinephaseindicatemixtureof fluorite,
€ 850 N o A | calcite,andaweaklycrystallinephase(s)
Nacrite/Dickite o !\}-}{ ( éfi{ consistentwithnacrite.
T T T T T T
Nmoo 1000 2000 3000 4000 10 20 30 40 50 60
Raman shift (A Wave number, cm' ) Diffraction angle (26)
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of 763 nm (Fig. 3C), but XRD confirms the presence of fluorite in this phase
(Fig. 3D; Table 1). Nacriteis found as layers and crosscutting veins within the
host rhyolite and as breccia clasts within white calcite matrix Based on cross-
cutting relationships between nacrite and the host rock, as well as nacrite@
relationship with fluorite and calcite, nacrite appearsto be the first mineral
deposited in the fracture zone. Macrite is always associated with fluorite in
theseveins, both as an intimate mix and with fuorite capping it.

Mo finely disparsed REE phases are identifiable in the nacrite using SEM
imaging. Synchrotron XRF elarnert mapping shows areas of elevated con-
centrations of ¥ within nacrite, suggesting that it is either itselfY enriched
or that it contains finely dispersed REE minerals at less than the spatial res-
olution of the incident beam (2 pm, Fg. 4B). Yttrlum X-ray absorption near
edge structure (XAMES) spectra collected for enriched areas in the nacrite
are indistinguishable from spectra collected from YHREE carbonate, while
dissirmilar from spectra collected from the host rock (Fig. 4A). It thus Is likely
that ¥ Is present as a similar chemical s pacies in both materials

Macrite (dickite) co-occu rs with the YHREE carbonate where it lines a zone
of brecciation and dissolution within fuorite (Fig. 8D). While nacrite has an inti-
mate assoclation with fluoritein the examples described above, this example
shows It can also coexist with the YHREE carbo nate independent of fluarita.
The mineral is too small to be analyzed by XRD, but Raman spectroscopy
confirms itis either nacrite or dickite. Scanning dectron microscopy EDS anal -
yses (and TES XRF imaging) demonstratethat some (but not all) oceurr ences
of this minaral have Mg (Fgs. 5D and 5G), suggesting it Is dickite. Based on
microstratigraphic relationships, the clay mineral that occurs with the YHREE
carbonate forms later than the green fluorite it caps.

4.1.2 Green Fluorite

Green fluorite s a common phase within the fracture zone. It is found
capping the host (Fg. 24), as layers following nacrite (Figs. 2B and 2D), as
clasts withincalcite-cemented breccia (Figs. 2F and 2G), and predominantly
as fluoritethat can be brecciated and have calcite veins (Fig. 2E). Synchrotron
XRF demeart mapping reveals that there are (at least) two distinet generations
of similar color fluorite that are separated by a brecciated zone (Figs. 2 and 6).
One generation (the top pant of Figs. 2E and 6) is enriched in Sr and lower in
U; the other generation (the bottorm part of Figs. 2E and B8) Is enriched in U and
lower in St Tha U in fluorite was datermined to be in tha 6+ oxidation stata
by U Mg-edge and Ly-edge XAMNES. Scanning electron microsco py alement
mappingreveals fragments of fluorite inthe brecclated zone with evidence of
dissolution (Fig. 5D). Within the brecciated zone, void surfaces ithe voids are
easlly visualizad by examining the Ca map inFig. 6) are coated with anYHREE
minaral, as shown by the ¥ map (Fig. 6). Physically, the two generations ara
distinct bacause the top part is clear, without obviou s inclu sions, while the
bottorn part has opaque white layers (Fig. 2E). The white layers are calcite
and are discussed baow in section 4.1.4.
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TAR F 1 X-RAY NIFFRACTION (X RD) OF Al-Si PHASES

Sample Fluorte (%)  Macrite (%)  Ma-calcite (%)
Tan minaral shewn in Figura 2C 0.3 (1.4) 133(0.7 16.4(0.7)
PLrple mineral shewn ir Figure 20 BIE(22) 164 (28 Mot detected
White minaml shown in Figum 2E 91,5 (B.1) 85 (54) Not detected

Metes: Data were collactad for two hours on a spirning stage data ware processed in
W'pert Highscore Plus schiware; numbers are caleulated parcent of tetal as detarminad
by spectrl fiting.

Host
Macrite
— YHREE ¢arbon ate

Normaltzed %, (E}
=
L -]
{
N
|

17020 1740 17080 97080 A7Ti00 1T™I0
Energy (e\})

Fgure 4. [A) Yitrium K-adge X-ray shsomption near adge structurs [ANES) (YHREE carbonate
mineralg resn: nadite-r ed; hostrodo-bl ue). Data from submioon ressl ution X-ray spectros-
oopy [SAX)] &t the National SynchrotronLight Sourcs (NSLE] Il (B) Syndhrotron X-ray fluonssosnos
[B-XAF]map blus- low concentratio n;yellow- high concentration | showing Yerich mineral lini ng
flucrite (am-aarth alemant] and Y-rich spots in the nacrite. Map dimensions ame 0.2 x 0.2 mm.
YHREE-yt trium haavy rare-sarth slemant.

Figurs 5. [A) Visible light image of brectiated green fluorta (B) Scanning alectron microscopy
[SEM)] image from the orange boxed area on A. IC) Furtherzoom on t he brec ciated fluo rite; area
indicated by the purple box in B. (D] RGE color image of area in C; red-C a [flue rita); bue—M g
[ kit anel nacrite); grean— ¥ [ HREE- b aring carbonats) . (E] Enengy-dis pers ve X-ray ([EDX) spac-
tra of ytiriurm andh savy rare-earth slerment (Y HAE E] carb onate mineral. Mote resorbed texturs in
the fluorite and the close spatial assocation of the YHREE mineral and dickite.

ztrainte on mne-aarth alerment maobilization




Research Paper

GEOSPHERE | Volurme 15

Figume 8. Synchrotron X-ray fluo-
resosnos (S-XFF] maps from X284,
Nation a Synchrotron Light Source
[NSLE). White bar is 1 em. Lines
and spots on surfacs s fnom Lassr
ablation. Ca~ calgium; Sr— stron-
tiurm; ¥ - y tirium; and U - uranium,

4.1.3 YHREE Carbonate

AYHREE carbonateis found coating dissolution surfaces andlining breccia
clasts. This mineral is so matimes associated with nacrite and dickite (Fig. 50)
and is often followed by calcite. A zone of brecciation and dissolution inthe
green fluorite provides important insight into the timing of this YHREE car-
bonate, precipitating ater green fluorite, directly on dissolution surfaces
(Figs. 5D and 6Y)

Similarly, clasts of nacrite and fluorite In breccia samples (such as shown
inFigs. 2F and 2G) are coated by anYHREE carbonate mineral that is followed
by white calcite (Fig. 7). Energy dispersive spectra mapping of ¥ shows the
pervas ive natu re of the YHREE mineral coating clasts as well as other su rfaces
(Figs. Y and 7B+7E). The YHREE carbonate s alsoarranged in nodules (Fig. 7C).
Based onEDS spectra, the REE mineral contains Ca, Y, C, O, and HREEs (Fig. 7D)
and is most likely lokkalte [Ca(Y,Gd,Nd Dy COg, BSH. 0.

4.1.4 Calcite

Calcite fro m within the vain appears to ba the latest phase, with multiple
generations that may be separated by dissolution surfaces shown by the iregu-
lar contacts between ganerations. Many calcite samples aretabular, suggesting
that they formed along fracture surfaces. Most samples have unfilled pore
space batwean layers, suggesting calcite growth doas not displace existing
vein minerals or that dissolution followed growth. The layers typically show
a pattern of growth that alternates between white and brown (Figs. BABC).
When viewed inplanview, brown calcite appears to form elongated crm-wave-
length ridges o n the surface (Fig. 8A). These ridges are underlain by mou nded
brown calkite (Fig. 8A), suggesting itsformation and possibly dissolution are
responsible for the ridges. The brown calcite Is capped by a spongy tan cal-
cite that appears to be a residue (Fig. BA). When polished, the white calcite

Figure 7 [(A]V isi e light image of vain brecc ia. (B] 50 ann ing electron microsc opy (SEM) image of
ama in blus box on A. [C] SEM image of ama in purple box on B; shows nodules of yttrium and
heavy rare-sarth alemant [YHREE] minaral. D) Enangy-dis parsive X-ray (EDX) spactra from ansa
outlined by red box in C. (E] Syndhrotron X-ray florsscencs (S-XAF) slemental image taken at
13D E beamline of the sdge of a fluorite clast; area of imags outlined by orange box in A. RGE
coloration is ¥, Ca, and U, respectivaly.

appears to be more amber with white layers (Figs. 8B and 8C). These white
layars have elevatad ¥ (Fig. BC), while the overlying brown calcite has low Y
and high U (Fig. 8C).

With SEM Imaging, we observed the YHREE carbonate on the irregular
surface atthe base of the white calcite shown in Figure 8. Synchrotron XRF
maps show the REE coating the cakite surface (Fig. 80). The REE and ¥ ara
also elevated inthe white layers of the calcite as shown by LA element maps
(Fig. BC). Synchrotron XRF maps showthat someREEs oceur as discretephases
within the caleite (Fig. 8E). The S-XRF dement map also revealsthe brecciated
nature of the REE-an riched co ntact batwean white and brown calcite (Fig. BE)

TXRT-16-2

A I .~ ithe s N
Figurs B, [A] Visible light photo ..%. i ...x e B,
of vein as shown in Figure 2H. e i o g, W __"_.u._
(B] Cross section of shab ot from % LTy v .
A L

samplain A, Laser shistion mapof
U concantration (hot ooloms = high; 2 cm R
oold colors = low]l (C] Cross sso-
tion of slab cut from sampls in A
Lasar ablation map of ytt fum (Y]
conoantration (hot coloms = high;
low ooloms = low). (0. Bl Compos-
ite RGE X-ray fluoresosnos [XAF]
slemantal maps taken at submi-
Gron- resolut ion X-ray spactroscopy
BRX); ava comasponding to grean
and purple boxes in B and C, re
spectivaly. AGB maps are Ca, Ca,
and Pr, respectivaly.
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ScanningelectronmicroscopyimagingandS-XRFmappingwithTESreveal
thattheopaquewhitelayerswithinthebrecciated fluoritesample(Fig.2E)are
calcite fillingdissolutionvoidsafter fluorite(Figs.9Band9C).Silicon,S,andY
linedissolutionsurfaces(Figs.9Cand9D),andSiandYarehighlycorrelated
(Fig.9D).Uraniumishighlyconcentratedin fluorite,andtheUmapsshow
cubicshapesthatarenowskeletalthatareassociatedwithS(Figs.8Eand
9E).Elementdispersivespectraofthecalcite,athighmagni fication,without
evidenceforotherphases,showthatAlandSiarepresentatthisscale(Fig.9F).

4.1.5MineralRelationshipsandREEPatterns

Intensity

Westudiedasamplethatcontainsalloftherecognizedphasesdescribed
abovetoilluminatemineralrelationships(Fig.10).WeusedS-XRFmapping
athard(Fig.10B)andtenderenergy(Fig.10C)rangestomapCa,Al,Mg,S,Si,
Y,U,andFeinthissample.AlandMgclearlydelineatenacrite(Fig.10B).By

5
keV

. . . . . Figure9.(A)Visibleli geoft iatedgreen fluori pl howninFigure3E.(B)Scan -
ooBUm:mo?;._mo_m.m:.:mﬁmbm.m:KmsaCmqmm_.m<mﬁma_:3mo._._§_u_mm;om ningelectronmicroscopy(SEM)imagefromi JlinedinblueboxinA {C)SEMi
and10C).Uraniumishighlyelevatedbutzonedin fluorite(Figs.10Band10C). ofareaoutlinedinpurpleboxinB.(D)X15BRGBmapofY,Si,U respectively.(E)X15BRGBmap
TheYHREEmineral,asillustratedbythemappatternofY,occursbetweencal - ofY,S,andU respectively.(F)Energy-dispersiveX-ray(EDX)spectraofcalciteshowthatAland

citeandnacrite(Figs.10Band10C),andbetween  fluoriteandcalcite(Figs.9D Siarepresentevenathighmagni  fication.

and9E),butnotbetweennacriteand fluorite.
Rare-earthelementpatternsbasedonelementanalysesbyLA-ICPMSshow
differencesbetweenphases.TheREEpatternsforthenacriteshowpronounced
negativeCeandEuanomalies,withmiddleandheavyREEenrichmentanda
humpintheMREE(Fig.11A).Green fluoritehaslowerREEconcentrationsbuta TXRT-16-2
verysimilarpatterntothenacrite(Fig.11B).Calcitealsoshowsthepronounced el
negativeCeandEuanomalies,butitisfarmoredepletedintheLREEsand T
showsasteeprisetotheHREE,quitedistinctfromthenacriteand fluoriteREE
patterns(Fig.11C).Insomecalcitesamples,thereisaslightincreasetohigher
enrichmentintheREEheavierthanHo,perhapsduetomixingwiththeYHREE
mineral(Fig.11C).Rare-earthelementpatternsobtainedonbrowncalciteshow
similarpatternswithpronouncednegativeCeandEuanomaliesandHREE
enrichment.CalcitecrustdoesnothaveparticularlyelevatedREE,althoughit
doesshowthetypicalHREEenrichmentofcalcite. TheYHREEcarbonatehas
middletoheavyREEpatternswithahumpatEr(Fig.11D).SomeoftheREE
elevatedareasaremoreenrichedinthelightREE.

4.2U-PbGeochronology

Fluorite,nacrite,andbrowncalcitewithinRoundTopfracturesareenriched High

inUandhavefavorableU-Pbratios.Therearemultiplegenerationsofallof

; . K . Figure10.(A)Visiblelighti falayeredvei h 1inFigure3D.
thesephasesbasedontheirrelativeorderaswellasonthedifferencesincolor, Scalebaris1em.(B)X-ray fluorescence(XRF)elementalmapsoftheSr
geochemistry,andages.TraditionalTera-Wasserburgplotsyieldanalytically K-edge,CaK-edge,YK-edge,andUL-edgetakenatX-ray fluorescencemi -
indistinguishableagestomodi fiedTera-Wasserburgplotsusing 2?Th-corrected croprobe(XFMIbeamline;areacorrespondingtothesmallorangerectangle

A ; inA (C)XRFelementalmapsoftheAlK-edge,YL-edge MgK-edge SK-edge,
208Ppasthenormalizingisotope.Thus,wefollowParrishetal.(2018)anduse andUM-edgetakenatTenderEnergySpectroscopy(TES)beamline;area

the86TWplotandcommonPb-corrected,weighted-average 238J-206Ppplots. correspondingtothelargerpurplerectangleinA.
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4.2.1Fluorite

FluoriteismoderatelytohighlyelevatedinU, withconcentrationsof
15£1500ppm(DataSetS2[footnote 1]).Pband Thconcentrationsare,in
mostcases,muchlowerthan1ppm.Fluoritehasarangeof 28U/2%Phfrom
200to2024andagesthatrangefrom6.2t03.2Ma(Fig.12). Theoldestflu-
oriteidentifi edisdarkgreen,formsdirectlyonthehostrock(Fig.2A),and
givesanageof6.2+0.4Ma(Fig.12A).Slightlyyoungeragesarefoundin
thewell-studiedsampleBRT-7showninFigures2E,5,6,and9;thissample
hastwogeochemicallydifferentgenerations(Fig.6). Theolderfluoritegen
eration,foundonthebottomofthesampleasorientedinFigure6,givesan
ageof5.5+1.1Ma(Fig.12B).Thenextoldestfluoriteformsverythincoatings
ofdark-purplefluoriteonclastsofhostrock(Fig.2B);itgivesanageof5.2
+0.1Ma(Fig.12C).Adark-greenfl uoritethatfollowspurplenacriteandfl ~ uorite
precipitationgivesanageof5.0+0.5Ma(Fig.12D).Greenfl uoriteclastswithin
calcite-cementedbreccia(Figs.2Fand2G)arethenextyoungestgeneration
andgiveoverlappingagesof4.9+0.3Maand4.7+0.2Ma(Figs.12Eand12F).
Alloftheaboveagesareinfactindistinguishablefromca.5Ma.Thesecond
generationoffluoritefoundinthetopoftheBRT-7(Figs.2E,5,6,and9)is4.1
+0.6Ma(Fig.12G).Adark-greenfluoritethatfollowsgreennacritegivesthe
youngestfluoriteageat3.2+0.4Ma(Fig.12H).

4.2.2Nacrite

NacriteoccursinfourdifferentcolorswithvariableU,Th,andPbconcen-
trations(DataSetS2[footnote1]).ThandPbconcentrationsarefarhigherthan
fluorite,andthusthe 28U/?°Pbisgenerallylower.Theagesofnacriteoverlap
withthoseoffl uorite.Theoldestgenerationofnacriteistanandoccursas
brecciaclastswithhostrock(Fig.2C).Thisgenerationofnacriteissurrounded
byathinlayerofpurplefluoriteandgivesanindistinguishableagefromthat
fluoriteof5.6+1.3Ma(Fig.13A).Apurplenacritelayerfromthesampleshown
inFigure2Bclearlycrosscutsthehostrockandgivesanageof3.5+1.9Ma
(Fig.13B).Anotherpurplenacritelayercappinggreenfluorite(Fig.2D)anda
pinknacrite(Fig.2G)withsurroundinggreenfluoritegiveindistinguishable
agesof3.4+0.4Maand3.3+1.0Ma(Figs.13Cand13D).Agreennacritelayer,
alsofromFigure2D, givesaslightlyyoungerageof3.3+0.1Ma(Fig.13E).
Theyoungestnacritemeasuredwasasmallgreenclastfromthesamplein
Figure2G,whichgaveanageof2.8+0.6Ma(Fig.13G).

4.2.3Calcite

Calciteoccursasmultiplegenerationswithdissolutionsurfacesinbetween.
Forthemostpart,thecalcitehaslowUandunfavorable 238|J/206Ph(DataSet
S2[footnote 1]). Awhitecalcitewithcurvedcrystalsmakesupthematrix
materialformostoftheveinswestudiedandencasesbrecciaclasts(Figs.2F

Piccioneetal.
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Nacrite/Fluorite Mixture REE Signature 5
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Figure11.(A)Rare-earthelement(REE)patternfornacriteandfl uoritemixture;(B)REEpatternfor
greenandpurplefluorite;(C)REEpatternforcalcite;and(D)REEpatternforyttriumandheavy
rare-earthelement(YHREE)carbonatemineral.

and2G).ThiscalcitehaslowUandlowU-Pbandisthereforenotsuitablefor
dating;basedonrelativerelationships,itoccurslaterthanfl uoriteandthe
YHREEmineral.Anothercalcitesamplehasadistinctivebrowncolorandhas
elevatedYandYHREEcarbonatesonitslowersurface(Fig.2H).Theelevated
Y,aswellasthecolorandtexture,suggestitisaseparategenerationfrom
thebreccia-cementingwhitecalcite.ThiscalcitehassomelayersofhighU-Pb.
Combined,thecalcitegivesanageof1.7+0.1Ma(Fig.13F).

H 5.DISCUSSION
5.1U-PbGeochronology

ThisstudyexplorestheutilityofU-Pbdatingoffl uorite,nacrite,andcalcite
paragenesisinREEmineralization.Giventheubiquitousoccurrenceofthesemin -
eralsinhydrothermalsystems,U-Pbdatingholdsgreatpotentialforconstraining
theageofassociatedoreminerals.Weusemultiplemicroscopytechniquesto
investigatetherelationshipsbetweenfl uorite,nacrite,andveinmineralization,
andwecombinetheseobservationswithLA-ICP-MSelementmappingandU-Pb
datingtoprovideabsolutetimeconstraintsonREEmineralization.

Animportantcontributionofthisworkisthatfl uoriteandassociatednacrite
arefaryoungerthanthetimeofigneouscrystallizationandthereforemusthave
beendepositedbysecondaryfl uidevents.Rare-earthelementoresareoften
assumedtobedepositedduringlatestageigneouscrystallization.However,
the6.2+2.8Mafl uoriteandnacriteagesstronglysuggestthatfl uidsrespon -
sibleformineralizationareassociatedwithRioGranderifting. Combining
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geochronologicalevidencewiththeimagingtechniques,werecognizethe samepattern,lowTh,andhighU.ThewhitecalcitethatpostdatestheYHREE

followingsequenceofeventsatRoundTop:(1)fracturingandalterationofthe carbonatehasextremelyHREE-enrichedpatterns:upto1000x HREEconcen-
hostrockwithdepositionoffl  uoriteonfracturesurfaces;(2)furtherfracturingof trationsofpost-ArcheanAustralianshale(PAAS).Thedatedbrowncalcitehas
hostrockandearlynacritedeposition,linedbyasecondgenerationoffl uorite, lowREEconcentrations,andnoREEmineralsareobservedafteritsformation.
inthiscase,bothpurpleandgreen;(3)evenyoungernacriteandfl uoriteline Thus,REEmobilityisconstrainedtobebetween6.2and1.7Ma.
veinswithinthefracturesandarecappedbygreenfl uoriteofthesameages;

(4)brecciationofhostandveinmaterialwithevidenceofsomedissolutionof

fluorite;(5)brecciaclastsarelinedbyaYHREEcarbonate;and(6)severalgen - 5.2MultipleFluidEventsoverthePast6.2Ma

erationsofcalcite,someofwhicharethemselveslinedbytheYHREEcarbonate
(Fig.14).ThecalcitethatsurroundsbrecciaclastsdoesnothaveU-Pbratios The fluidresponsibleforearliestfractureveinmineralizationproducedan
thatallowustodateit,butbrowncalcitefoundinassociationwithitis1.7Ma intimatemixtureofcryptocrystallinenacrite(Al  ,Si,05(OH),)andfluorite.The
(Fig.2H).NacritehashighREE,Th,andU,whilefl uoritehaslowREEwiththe presenceofnacritemaysuggesthydrothermalactivity,asithasbeenfound
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inassociationwith hydrothermal fluorite in other areas (Polyakowva, 1967). The
prasenca of significant Fin the fluid likely accounts fo rthe solu bility of Si and
Al as well as the REE, U, and Th. Asthe fluid reached the fracture, changing
conditions, such as seen with fault valves (Ramsay, 1980; Sibson, 1990) caused
the precipitation of this nacrite/fluorite mix. The resulting deposit of nacritey
fluorite is enriched in U, Th, ¥ and REE suggesting thatthis fluid was a primary
driver of trace elemant mobilization and enrichment. The close association
between nacrite and fluorite suggests that this is a progression of precipita-
tion from the same fluid event. U zoning withinthea fluor te suggests changing
fluid conditlons during mineral fo rmation. REE patterns of nacrite and fluorite
are similar to each other and show pronounced negative Ce and Eu anom-
alies, as well as enrichmant of MREE-HREE ralative to PAAS (or chondritic
uniform reservoir [CHUR]) (Figs. A and 11B). The presence of a negative Ce

anormaly is perhaps evidencethatthe fluid that deposited these minerals was
hig hly oxidizing, which would have helpad promote dissolution of primary
minerals and trace-element mobilization. The negative Eu anomaly is similar
to that measured by OFMelll et al. (201 7) for the bulk Round Top rhyolite and
Is therefora not likely to be theresult of fractionation in fluids related to vein
minaralization. Fluorite has a range of ages from 62 to 3.2 Ma, with the earli-
est generation forming directly onthe host rock. Later generations of flu orite
clearly postdate nacrite and fluorite precipitation because these are always
found cappingthe nacrite surface. The nacrite ranges inage from 5.6to0 2.8 Ma.

Bracciation of host rock, nacrite, and fluorite clearly demonstrates a later
fluid event that likely accompanied fault movement. We find host rock and
tan nacrite clasts lined by a purple fluorite that is 5.2 Ma. This fluorite has
significantly greater HREE enrichment, relative to other REE, than any other
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fluorite we analyzed (Fig. 11B) and cccupies clast surfaces, similar to the min-
eralization of the YHREE mineral in later events. Fluorita and nacrite clasts
ranging from 4.9to 2.8 Ma are lined by an YHREE carbonate. A 4.1 Ma fuorite
genaration has resorption textures that demo nstrate a fluid that was able to
dissolve fluorite (Figs. 6, 9D, and 9E). It is not possible to say what caused
the brecciation events, but many clasts have boundaries that clearby fit with
neighboring clasts suggesting that some brecciation was in situ (Figs. 2B, 2C,
and 2F). Impo rantly, these younger clasts are almost always lined by YHREE
carbonate and are followed by white calcite with curved crystals. This calcite
is depleted in LREE but is enriched HREE (Fig. 11C). We suggest that this
YHREE mineral and calcite association is an evolution of precipitation from
a fluid whare the YHREE mineral is less soluble and precipitates first. The
calcite growth could displace earlier minerals, but the brecciation mu st h ave
oceurrad prior to the precipitation ofthe YHREE carbonate

Clearly several distinet fuid events are recorded in Round Top veins. Tha
fluorite and nacrite have a range of ages suggesting that a fluid with F was
importart from 6.2 to 2.8 Ma. Some of the fluorite has been brecciated and
dissolved, demonstratingthat a very differant fluid chemistry followed fluorite
mineralization. Finally, we see evidence for carbonate precipitation punctu-
ated by multiple disso Litio nevents that followed the brecciation events . Even
with thiscomplexity, two fluid types reasonably encompass the observations
made: an early F-bearing fluid that resulted in multiple episodes of nacrite
and fluorite precipitation, followed by one that dissolved fuorite and then
precipitated carbo nates presumably as it became saturated through mineral
dissolution. Howaewvear, what is less clear isthe source of the REE. Rare-sarth
dements are highly enriched in nacrite and thus the first proposed fluid was
ablato mobiliza REE. The REE patterns are enriched in theMREE and HREE with
a pronouncad positive humpacross the MREEs (Fig. 114). There are nu merous
REE-bearing minerals inthe Round Top laccolith, and it is striking that one of
the zircon genarations shows abundart evidence for dissolution (Rubin et al.,
1887; OfMeill et al., 2014, 201 7). We hypothesize that the fluorinebearing fluid
was able to disso ve silicates and daliver tha Al, Si, REE, and U to the vains.
With the exception of the Ce anomaly, the REE pattern is similar to published
patterns for zircons [CENeill et al., 2017).

Tha second fluld can clearly dissolve fluorite as shown by resorption tex-
wiras in vain fluo rite. Given the oxidizing nature of this fluid, it is poss ible that
it dissolved HREE-bearing yttroflu orite from the laccolith, Previou s literature
has suggested using sulfuric acid for dissolving yttr ofluorite for extraction of
REE (Pingitore et al., 2014 Negron et al., 2016). Within areas of the fluorite with
evidance for dissolution, wea sae sulfur in close assoclation with the YHREE
carbonate (Fig. 9E). We speculate that the fluld was sulfuric acid bearing. A
similar dissolution mechanism has bean proposed in the Carlsbad area, whera
sulfuric acid is hypothesized to have been responsible for cavern formation in
Parmian carbonates | Davis, 1973; Jagnow, 1978; Davis, 1980; Hill, 1981).T his
sulfuric acid is thought to have resulted from Basin and Range uplift mobi-
lidng oll and brines with associated H,S that mixed with mateoric water as it
naarad tha surface. Likewise, oxdation of sulfide minerals in wall rocks will
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brecciation brecciation brecciation
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also generate sulfuric acid. Regardless of the machanism, uplift associated
with Rio Grande rifting as well as Basin and Range faulting is importart in
the Trans-Pecos region and provides mechanisms for sulfuric acid formation,

53 Round Top Vein Ages Match Period of Rio Grande Rift-Related
Tectonism

Tothe north of Round Top, in the Bing ham mine area of New Mexico, mas-
sive fluorite deposits in the Rio Grande rift have been attributed to a mantle
source of fuorine (Partey et al., 2008). The ages for vein material at Round
Top match the timing of a hiatus in Rio Grande rifting and a period of east-
ward tilting of the westarn Great Plains related to dynamic mantle u pwealling
[van Wijk et al., 2018). Across the Great Basin, there is a strong correlation
between fluorine and transtensional tectonics (Holt & al., 2015, 2018). A recent
synthesis of strain rates across the wastern United States demonstrates that
the Rio Grande rift in the Trans Pecos region was undertranstension batwean
12 and 4 Ma (Bahadori et al.,, 2018). The fluorite inthe Bingham mine area has
vary low Uand UPb and is not amenable to dating. Perhaps the difference at
Round Top Is that the fluid interacted with a U- and REE-enriched body. Based
on the evolution of vain mineralkation at Round Top, fluorine was impo tant
between 6.5 and 2.8 Ma, consistent with this being an interval oftranstension
inthe Rio Grande rift. Magmatism ofthis age is not known in TransPecos Texas
(Henry and McDowael, 1986) and Is limited and localized in the Rio Grande

n rare-aarth elemeant llization
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rift in southern Mew Mexico (Aldrich et al,, 1986). The results of radiometric
dating of nacrite, fluorite, and calcite veinsin this study suggest the potential
to constrain eplsodes oftranstensional tectonics and deep fluld input even in
areas that lack co ntemporaneous magmatic bodies at the surfaca.

M 6. CONCLUSIONS

We show that there & great potential for LA-ICRMS U-Pb dating of hydro-
thermal minerals to illuminate the timing of fluld events and to date associated
ore deposits. & Round Top laccolith, we have evidence for multiple fluid events.
Early fluid everts have elevated REE with MREE -enriched patterns in nacrite
and fluorite and range inage from 6.2 to 3.2 Ma. Later fluids brecciated and dis-
solved fluorite and nacrite and precipitated highly HREE-enrichedcarbonates:
an YHREE carbonate followed by calcite. These minerals could not be directly
dated but are bracketed by 2.8 Ma nacrite and a 1.7 Ma calcite that has low
REE. The most impotant obsarvation here & that the timing of mo bilization
greatly postdates igneous emplacameant. Instead the timing is co nsistent with
that of Rio Grande rifting. Flu orite depositsto the north in New Mexico are sug-
gested to have a mantle source (Partey a al., 2008). Perhaps smaller amounts
of fluorine fluxed through the Trans-Pecos area, mobilizing REE from various
acoessory minarals in the laccolith. It appears thatan evan more aggressive
fluid followed th at was capable of dissolving fluorides, the primary REE host
inthe laccolith, and brecciating the existing vein minerals and host rock. We
speculate that this was a sulfuric acidtbearing fluid, perhaps due to mixing
of H.S-bearing brines with meatearic watar, similar to that hypothesized for
Carlsbad Caverns (Davis, 1973; Jagnow, 1978; Davis, 1980; Hill, 1981). A HREE
carbonate and calcite were precipitated by this succeading fluid. This fluid was
followed by flulds thatcould both dissolve and precipitate calcite. A late gener
ation of calcite with low REE but high U and UPb s dated at 1.7 Ma. We have
not fou nd evidence fo r REE mo bilization thatis ater than this calcite generation.

This application of U-Pb dating of fluorite nacrite and elemantal charac-
terizing of a sulte of vein minerals shows that this approach can be of use in
future work understanding the geochemical processes that remobilize REE.
More precise U-Pb geochronology on fluorite using LA-ICPMS could be of
use in creating details chronologies of hyd rothermal fluid events and ore
minaralization.
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