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“And in me too the wave rises”.
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RESUMO

Os carbonatos do pré-sal e suas caracteristicas Unicas representam um desafio para a compreensao
dos processos deposicionais e diagenéticos relacionados a essas rochas. Também a geocronologia
da Formacao Barra Velha é controversa. Por exemplo, ha controvérsias se os carbonatos dessa
formagdo foram depositados durante o Barremiano ou durante o Aptiano. Para se obter a
cronologia dos processos deposicionais e diagenéticos relacionados aos carbonatos da porgdo
superior da Formagao Barra Velha e também entender como funciona o sistema isotopico U-Pb
em minerais carbonaticos, este estudo integrou petrografia convencional, imageamento por
QEMSCAN, e datagdo U-Pb in situ de carbonatos. As amostras sdo de trés testemunhos (3-BRSA-
923A-SPS, 9-BRSA-928-SPS, e 7-SPH-6-SPS) do campo de Sapinhoa, localizado na porg¢ao
central da Bacia de Santos. As idades obtidas neste estudo coincidiram com eventos tectonicos e
termais regionais que afetaram a Bacia de Santos. Esses eventos tém idades de ~ 127/125 Ma, ~
116/114 Ma, e ~ 105/100 Ma. Uma influéncia local nas idades obtidas também foi observada, ja
que os padrdes de idades foram diferentes entre os testemunhos. Por exemplo, as particulas
primdrias de calcita dos testemunhos 9-BRSA-928-SPS e 3-BRSA-923A-SPS foram afetadas por
uma substituicao pds-deposicional do sistema U-Pb, o que resultou em idades entre ~ 105 Ma e
~ 82 Ma para essas particulas. No entanto, as particulas primarias do testemunho 7-SPH-6-SPS
preservaram idades mais antigas de ~ 115 Ma. Tal comportamento contrastante das idades pode
ser explicado por diferentes contextos magmaticos, hidrotermais, estruturais e estratigraficos
atuando em diferentes areas do campo de Sapinhoa. As dolomitas, por sua vez, demonstraram que
a substituicdo do sistema U-Pb dos constituintes pode ndo ser um efeito pervasivo, mas que
depende mais da interagcdo rocha-fluido e das propriedades fisicas das particulas, como porosidade
e permeabilidade. Isso foi observado em consequéncia das camadas ndo-porosas € nao-
permeaveis de dolomita ndo terem sido afetadas por uma substitui¢do geocronoldgica do sistema
U-Pb. Na verdade, dolomita microcristalina e finos romboedros de dolomita registraram as
primeiras data¢des diretas de idades barremianas para os carbonatos da Formagao Barra Velha
Superior. Em relacdo as idades das dolomitas, estas foram separadas em dolomitas pré-
silicificacdo e em dolomitas pos-silicificagdo. As dolomitas pré-silica ocorrem como dolomitas
microcristalinas € como finos romboedros de idades barremiana-aptiana por volta de 124 Ma;
como dolomita lamelar e como cristais finos de dolomita romboédrica pervasiva de ~117 — 110
Ma; e como dolomitas microcristalinas pseudomorficas que sofreram substituicdo do sistema
isotopico U-Pb relacionado a um evento de silicificagdo do Albiano-Cenomaniano. Dolomitas
pos-silica tém idades por volta de ~100 Ma e sdo representadas por cimentos diagenéticos tardios
como dolomita blocosa e dolomita em sela. A dolomita em sela limita temporalmente um evento

de silicificagdo como mais velho que 100 Ma.
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ABSTRACT

The Pre-salt carbonates and their unique characteristics represent a challenge for understanding
depositional and diagenetic processes related to these rocks. The Barra Velha Formation's
chronology is also controversial, whether it was deposited during Barremian and Aptian times.
To constrain the chronology of depositional and diagenetic processes related to the Upper Barra
Velha carbonates and also to understand how the U-Pb isotopic system works in carbonate
minerals, this study presents an integrated study of conventional petrography, QEMSCAN
imaging, and in situ U-Pb dating of carbonate samples from three wells (3-BRSA-923A-SPS, 9-
BRSA-928-SPS, and 7-SPH-6-SPS) of the Sapinho4 field, located in the central part of the Santos
Basin. Ages obtained in this study coincide with regional tectonic and thermal events that affected
the Santos Basin. These events have geochronological ages of ~ 127/125 Ma, ~ 116/114 Ma, and
~105/100 Ma. A local influence of the geological and structural contexts of the analyzed particles
was also detected, since the pattern of ages obtained in each well was different from the other.
For instance, the calcite primary particles from the well 9-BRSA-928-SPS underwent U-Pb post-
depositional replacement, which resulted in younger post-depositional ages of ~ 105 Ma for these
particles. Instead, the calcite primary particles from the 7-SPH-6-SPS well preserved older ages
of ~115 Ma. This different age behavior may be explained by different magmatic, hydrothermal,
structural, or stratigraphic contexts acting on the studied wells. The dolomites, compared to calcite
particles, showed that the geochronological replacement of the particles may not be a pervasive
effect but may depend more on fluid-rock interaction and physical properties of the particles, such
as porosity and permeability. This was observed hence the non-porous and non-permeable
dolomitic aggregates were not affected by U-Pb geochronological replacement. Indeed, primary
microcrystalline and fine dolomite thombs recorded the first direct barremian ages for the Barra
Velha carbonates. Otherwise, microcrystalline pseudomorphic dolomites and calcite particles
underwent U-Pb replacement caused probably by fluid-rock interactions and thermal effects.
Concerning dolomite ages, they were separated in pre-silicification and post-silicification
dolomites. Pre-silicification dolomites occur as ~124 Barremian-Aptian microcrystalline to very
fine laminated dolomite rhombs; as ~117 — 110 Ma lamellar and pervasive fine rhombohedral
dolomite crystals; and as pseudomorphic microcrystalline dolomites that underwent U-Pb
replacement related to an Albian-Cenomanian silicification event. Post-silicification dolomites
have ages of ~ 100 Ma and are represented by later diagenetic cements such as blocky dolomite
and saddle dolomite. The saddle dolomite temporally limits a silicification event as older than

100 Ma.

Keywords: U-Pb replacement; Carbonate dating; Barra Velha Formation; Fluid-rock interaction
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Figura 1: Esquema do processo de decaimento radiogénico dos isotopos 238U e 23°U em 2%°Pb ¢ 207Pb,
respectivamente, de acordo com suas respectivas cadeias de decaimento e meia-vida. O tempo de meia-
vida é o tempo necessério para que metade dos radionuclideos de U se transformem em Pb. A taxa de
decaimento ¢ exponencial 18

Figura 2: Geocronologia U-Pb em carbonatos e diagrama da concérdia de Tera-Wasserburg associado.
A esquerda: imagem petrografica de um odide. Os quadrados roxos representam os pontos de analise. A
direita: diagrama da concordia de Tera-Wasserburg. Cada elipse roxa representa uma unica analise e os
respectivos valores das razdes 2*8U/2%Pb e 2°7Pb/2%Pb. O eixo maior € o eixo menor das elipses indicam as
incertezas de cada uma das duas razdoes medidas. Em condi¢des ideais, no momento da cristalizacdo, as
razdes isotdpicas U/Pb sdo heterogéneas e a razdo Pb/Pb ¢ homogénea, resultando em uma linha de
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a idade da amostra (o intercepto inferior). O intercepto superior entre a regressdo € o €ixo y representa a
composicio inicial de 207pp/296ph do mineral (Montano,
2021) 22

Figura 3. (A) Area de estudo localizada na regido sudeste da margem continental brasileira, mais
especificamente na Bacia de Santos. O campo de Sapinhoa (em lilds) estd na por¢ao central da Bacia de
Santos. O poligono amarelo representa o poligono do pré-sal. Em magenta, estdo os demais campos de
petréleo. No norte, a Bacia de Santos ¢é separada da Bacia de Campos pelo Alto de Cabo Frio. Ao sul, € o
Alto de Florianopolis que separa a Bacia de Santos da Bacia de Pelotas. (B) Detalhe do campo de Sapinhoa,
mostrando a distribuicao dos trés pogos estudados ao longo do
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Figura 4: (A) Segdo estratigrafica do Cretaceo Inferior da Bacia de Santos (adaptado de Moreira et al.,
2007). (B) Histograma de idades de eventos magmaticos na Bacia de Santos. (C) Histograma das idades de
eventos de hidrotermalismo no pré-sal (dados das bacias de Santos, Campos, Namibia ¢ Kwanza). (D)
Histograma de idades deposicionais ¢ de diagénese registradas no pré-sal (dados das bacias de Santos,
Namibia e Kwanza). Os dados utilizados para a construg@o dos histogramas estdo disponiveis nos anexos
e sdo das seguintes referéncias: Rochelle-Bates et al. (2021); Godeau et al. (2021); Rochelle-Bates et al.
(2022); Lawson et al. (2022); Moreira et al. (2007); Szatmari & Milani, (2016); Trittla et al. (2018); Loma
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Figura 5: (A) Correlagdo estratigrafica entre os pogos estudados, por meio de perfil de raios-gama.
O poligono roxo tracejado representa a por¢cdo amostrada do pogo 923A. O poligono Vermelho
tracejado representa a por¢do amostrada do pogo 928. O poligono azul tracejado representa a porgao
amostrada do pogco SPH-6. A linha tracejada laranja representa a base do sal. A linha azul tracejada
marca a Discordancia Intra-Alagoas. O poligono lilds marca a correlagdo entre a por¢do amostrada do
pogo 923A, que corresponde aos 15 metros imediatamente abaixo do marco Lula, com os 30 metros
superiores da por¢do amostrada do pogo 928, que provavelmente engloba o mesmo ou nivel
estratigrafico semelhante que o amostrado pelo testemunho 923 A. O poligono azul marca a correlagio
entre a parte amostrada do poco SPH-6, que corresponde entre cerca de 100 m a 140 m de profundidade
abaixo da base do sal, com a por¢do intermedidria amostrada do pogo 928 que provavelmente
compreende um intervalo estratigrafico semelhante aquele compreendido pelo testemunho SPH-6. (B)
Perfis estratigraficos da por¢do superior da Formagdo Barra Velha, amostrada pelos trés pogos
estudados. A linha tracejada vermelha marca a divisao do testemunho 928 em duas partes: (1) a se¢@o
superior, localizada dentro de ~ 20 metros logo abaixo da base do sal, que provavelmente estd em uma
posicao estratigrafica similar a do testemunho 923A; e (2) uma se¢do intermediaria do testemunho
928, localizada entre 100 m e 150 m abaixo da base da Fm. Ariri, e que provavelmente corresponde a
uma posi¢do estratigrafica semelhante aquela na qual o testemunho SPH-6 foi amostrado. Os
poligonos vermelhos marcam locais de houve amostragem para andlises de U-Pb em
carbonatos. 34

Figure 1: (A) Location of the Zeta field in the central portion of the Santos Basin. The yellow polygon
represents the Pre-salt polygon, with the oil fields illustrated in magenta. In the northern part, the Santos



Basin is separated by the Campos Basin through the Cabo Frio High. In the south, the Florianopolis High
separates the Santos Basin from the Pelotas Basin. (B) Detail of the Zeta field, showing the distribution of
the three wells studied along the area. (C) Lower Cretaceous stratigraphic section of the Santos Basin
(adapted from Moreira et al., 2007). (D) Histogram of magmatism ages in the Santos Basin. (E) Histogram
of hydrothermal events ages in the Pre-salt system. (F) Histogram of depositional and diagenetic ages
recorded in the Pre-salt system. The data compiled from other studies are available in the supplementary
material (Rochelle-Bates et al., 2021; Rochelle-Bates et al., 2022; Lawson et al., 2022; Moreira et al., 2007;
Szatmari & Milani, 2016; Trittla et al., 2018; Loma et al., 2018; Rancan et al., 2018; Louback et al., 2021;
Godeau et al., 2021; Rochelle-Bates et al., 2021; Louback et al., 2023; Gordon et al., 2023; Oliveira et al.,
2 T 44

Figure 2: Gamma ray well correlation between the three studied wells. The purple dashed polygon
represents the sampled portion form the well A. The red dashed polygon represents the sampled portion
from the well B. The blue dashed polygon represents the sampled portion from the well C. The orange
dashed line marks the salt base. The light blue dashed line marks the Intra-Alagoas Unconfomity. The lilac
polygon marks the correlation between the sampled part of the well A, which corresponds to ~15 m right
under the Lula mark, with the uppermost ~ 30 m sampled from the well B, that encompasses the same
portion. The blue polygon marks the correlation between the sampled part of the well C, which corresponds
to ~100 m — 140 m under the salt base, with the middle sampled part of the well B that probably
comprehends a similar interval. The red stars mark the stratigraphic position of the samples analyzed for
U-Pb

dating .47

Figure 3: (A) PPL photomicrograph of shrubstone with well-formed shrubs with the interparticle space
occupied by dolomite rhombs. Sample is 5129.45 from well C. (B) PPL photomicrograph of spherulitestone
with lamellar pseudomorphic microcrystalline dolomite and stratiform silicification. Sample is 5016.90
from well B. (C) PPL photomicrograph of grainstone with inteparticle porosity and formed by intraclasts
of spherulites, composite ooids, basalt lithoclasts, and chert lithoclasts. Sample is 5014.75 from well B. (D)
XP photomicrograph of laminated, soft-deformed and partially silicified dolostone formed by
microcrystalline and rhombohedral dolomites. Sample is 5194.50 from well B. (E) PPL photomicrograph
of dolomite-supported rock composed by fine dolomite thombs occupying the interparticle space and
replacing the framework constituents. Sample is 5124.60 from well C. (F) XP photomicrograph of a chert
with carbonate particles preserved. Microcrystalline silica occupies the interparticle space and replaces
particles. Macrocrystalline mosaic quartz fills vuggy pores. Sample is 5045.25 from well B. Bas: basalt;
Ch: chert; CO: composite ooid; Dol: dolomite; IC: intraclast; MD: microcrystalline dolomite; MMQ:
macrocrystalline mosaic quartz; MS: microcrystalline silica; LD: lamellar dolomite; Shr: shrub; Sph:
spherulite 50

Figure 4: Coupled conventional petrographic study-QEMSCAN imaging to a better understanding of
diagenesis. (A-B) XP and QEMSCAM images of chert with carbonate particles preserved. It is possible to
notice that the quartz crystals are replacing dolomite rhombs and calcite particles. Sample is 5020.10 from
well B. (C-D) PPL and QEMSCAN images of dolomitized grainstone with rhombohedral dolomite filling
pore spaces and replacing calcite paticles. Macrocrystalline mosaic calcite fills intraparticle-fracture
porosity. Sample is 5100.75 from well A. Dol: dolomite; MC: macrocrystalline calcite; MS:
microcrystalline silica; Qz: quartz; Shr: shrub 52

Figure 5: Analyzed primary constituents and their respective Tera-Wasserbung concordia diagram ages.
A) Tera-Wasserburg concordia diagram showing 2*3U/?%Pb versus 2°’Pb/?%Pb data of microcrystalline
dolomite. (B) Tera-Wasserburg concordia plots showing 2*3U/2%Pb versus 2°’Pb/2°°Pb data of thombohedral
dolomite. (C) PPL photomicrograph and QEMSCAN image of laminated dolostone formed by
microcrystalline and rhombohedral dolomites. Sample is 5194.50 from well B. (D) Tera-Wasserburg
concordia diagram showing 233U/2%Pb versus 2’Pb/?"°Pb data of a peloid. (E) XP photomicrograph of
analyzed peloid particle in the midst of microcrystalline silica. Sample is 5132.50 from well C. (F)
QEMSCAN image of figure in (E) highlighting the calcite peloid partially replaced by silica. (G) Tera-
Wasserburg concordia diagram showing 2*8U/2%Pb versus 20’Pb/?%Pb data of a particle of shrub. (H) PPL
photomicrograph of a shrub particle in a silicified rudstone. Sample is 5127.90 from well C. (I) QEMSCAN
image of figure in (H) highlighting calcite composition of shrub and the surrounding silica partially
replacing the particle. (J) Tera-Wasserburg concordia diagram showing 238U/2%Pb versus 2°’Pb/2%Pb data
of ostracod particles. (K) PPL photomicrograph of analyzed ostracod particles. Sample is 5113.00 from
well C. (L) QEMSCAN image of figure in (K) highlighting the calcite composition of the ostracod. (M)
Tera-Wasserburg concordia diagram showing 238U/2%Pb versus 2°’Pb/?%Pb data of a shrub particle (N) PPL



photomicrograph of a shrub particle in a dolomitized grainstone Sample is 5118.95 from well C. (O)
QEMSCAN image of figure in (N) highlighting the calcite composition of the shrub particle, the
surrounding dolomite cement and a few silica partially replacing calcite particles. (P) Tera-Wasseburg
concordia diagram showing 2*¥U/2%Pb versus 2°’Pb/?Pb data of a shrub particle. (Q) XP photomicrograph
of a silicified shrubstone. Sample is 5133.95 from well B. (R) QEMSCAN image of figure in (Q)
highlighting the calcite composition of a shrub particle and the surrounding silica partially replacing
particles of shrubs. (S) Tera-Wasserburg concordia diagram showing 2*8U/2%Pb versus 2°’Pb/?%Pb data of
shrub particles. (T) PPL photomicrograph of a shrub particle in a silicified rudstone. Samples is 5099.05
from well A. (U) QEMSCAN image of figure in (T) highlighting the calcite shrub particle partially replaced
by silica. Quoted age uncertainty includes propagated systematic uncertainties. Datapoint error ellipses are
2s. MSWD, mean squared weighted deviation. (Pb*)c is (**’Pb/?’Pb)c, known as common lead
composition. Red circles represent analytical spots made on the particles. Dol: dolomite; MD:
microcrystalline dolomite; MMQ: macrocrystalline mosaic quarz; MS: microcrystalline silica; Os:
ostracod; Pel: peloid; SD: saddle dolomite; Shr:
shrub 55

Figure 6: (A) Tera-Wasserburg concordia plots showing 2¥U/*%Pb versus 2V’Pb/?%Pb data for
microcrystalline lamellar dolomite. (B) PPL photomicrograph of microcrystalline lamellar dolomite
contouring spherulite particles in a spherulitestone. Sample is 5016.90 from well B. (C) QEMSCAN image
of figure in (B) highlighting silicification in the dolomite-rich sample. (D) Tera-Wasserburg concordia
diagram showing 238U/?%Pb versus 2°’Pb/?%°Pb data of rhombohedral dolomite. (E) PPL photomicrograph
of grainstone affected by pervasive dolomitization, with rhombohedral dolomite crystals filling pores and
partially replacing particles. Sample is 5020.10 from well B. (F) Tera-Wasserburg concordia diagram
showing 2¥U/2%Pb versus 2’Pb/?%Pb data of rhombohedral dolomite. (G) PPL photomicrograph of
grainstone affected by pervasive dolomitization, with rhombohedral dolomite crystals filling pores and
partially replacing particles. Sample is 5118.95 from well C. (H) Tera-Wasserburg concordia diagram
showing 238U/2%Pb versus 2’Pb/?’Pb data of blocky dolomite cement. (I) PPL photomicrograph of blocky
dolomite cement filling vuggy and intraparticle porosities. Sample is 5113.00 from well C. (J) Tera-
Wasserburg concordia diagram showing 2*3U/2%Pb versus 2’Pb/?%Pb data of saddle dolomite cement. (K)
PPL photomimcrograph of saddle dolomite filling intraparticle fracture porosity in a grainstone. Sample is
5124.60 from the well C. (L) Tera-Wasserburg concordia diagram showing 2*3U/2%Pb versus 2°’Pb/2°°Pb
data of rhombohedral dolomite. (M) PPL photomicrograph of grainstone affected by pervasive
dolomitization, with rhombohedral dolomite crystals filling pores and partially replacing particles. Sample
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saddle dolomite crystals filling the center of vuggy pores lined by quartz crystals. Sample is 5020.10 from
the well B. Quoted age uncertainty includes propagated systematic uncertainties. Datapoint error ellipses
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CAPITULO 1
1.1 INTRODUCAO

O interesse em compreender as condi¢cdes ambientais que promoveram a deposi¢ao
dos espessos carbonatos lacustres de idade Eocreticea do pré-sal, e a diagénese e
hidrotermalismo associados a esses depositos, teve um grande aumento durante os
ultimos dez anos (Wright e Barnett, 2015; Souza et. al., 2018; Farias et al., 2019; Lima et
al., 2020; Carvalho e Fernandes; 2021; Rebelo et al., 2023). Tais depositos compreendem
principalmente carbonatos abidticos com assinaturas continentais de 3’Sr/*Sr (0.7111—
0.7141; Pietzsch et al., 2018, 2020; Farias et al., 2019; Lima et al., 2020; Lawson et al.,
2022). O ambiente deposicional ndo-marinho desses carbonatos se d4 em uma ampla
variedade de facies influenciadas por oscilagdes no nivel do lago e pela configuracdo
estrutural da bacia, responsével pelos paleo-altos e paleo-baixos (Wright & Barnett, 2015;

De Paula Faria et al., 2017).

Shrubstones e grainstones sdo facies formadas durante estagios de baixo nivel do lago,
possuem altas porosidade e permeabilidade, e compreendem as melhores rochas-
reservatorio de hidrocarbonetos da por¢ao superior da Formagao Barra Velha, na Bacia
de Santos. Por outro lado, os mudstones, que nao constituem as rochas-reservatério de
hidrocarbonetos, sdo formadas em condi¢des de lago com ldmina d’agua profunda. A
complexidade de facies da Formacao Barra Velha engloba também outras litologias como
spherulitestones, rudstones, packstones, travertinos, dolostones, cherts e brechas (Wright
& Barnett, 2015; Souza et al., 2018; Gomes et al., 2020; Carvalho & Fernandes; 2021;
Rebelo et al., 2023). Porém, ndo sdo apenas as facies que tornam esses carbonatos tao
complexos: as modificacdes pds-deposicionais relacionadas a eventos de dissolucdo,
silicificacdo e dolomitizacdo, dentre outras alteracdes diagenéticas, sdo significativas.
Elas ocorrem desde o momento da sua deposic¢ao e ao longo de vérios ciclos de alteracdes
durante o soterramento (Herlinger et al., 2017; Lima & De Ros, 2019; Lima et al., 2020).
O ambiente deposicional, com suas caracteristicas particulares de alta alcalinidade, altas
concentragdes de silica e magnésio, e altas taxas de evaporagdo — junto com a auséncia
de bons analogos modernos para carbonatos lacustres — também contribuem para as
dificuldades de entendimento da dinamica sedimentar, das condi¢des climaticas, do
contexto tectonico, da quimica da dgua e da formulacdo de modelos deposicionais das

facies do pré-sal aptiano (Carvalho & Fernandes, 2021).
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A cronologia da por¢ao superior Formagdo Barra Velha também ¢ um assunto
controverso, ja que Moreira et al. (2007) limitaram a por¢do superior Formagao Barra
Velha entre o intervalo de 117 — 113 Ma. Por outro lado, Lawson et al. (2022), baseando-
se na datacdo isotdpica de U-Pb de carbonatos da por¢do superior da Formacgao Barra
Velha, sugerem uma idade deposicional de 115.83 + 1.56 Ma para esta unidade. Porém,
estudos bioestratigraficos e quimioestratigraficos (Tedeschi et al., 2017) situam o topo da
Formagdo Barra Velha abaixo de ~120 Ma ou abaixo de ~125 Ma, de acordo com as
diferentes calibracdes de idade de Malinverno et al. (2010) ou Ogg et al. (2012) para o
Evento de Anoxia Oceanica do Aptiano (OAE 1a). Em outro estudo, Pietzsch et al. (2020)
propde uma idade maxima Barremiano Superior para a deposicdo dos carbonatos da
Formacao Barra Velha. Como visto, a datagao U-Pb dos constituintes da Formagao Barra

Velha ¢ fundamental para estabelecer uma cronologia de eventos no sistema do pré-sal.

Minerais carbonaticos como calcita, dolomita, aragonita e magnesita podem se
cristalizar por meio de processos diagenéticos, magmaticos, sedimentares, metamorficos
e hidrotermais, podendo acumular urdnio durante a sua formagao, tornando-os uteis para
a geocronologia U-Pb (Rasbury & Cole, 2009; Roberts et al., 2020). Em contraste com
os carbonatos, o zircdo ¢ um mineral resistente a perturbagdes termais e ¢ comumente
utilizado como cronémetro U-Pb por incorporar teores de U no sitio do ion zirconio (Zr)
e ndo incorporar nenhum Pb durante a sua cristalizagdo. Desta forma, o Pb presente em
zircdes tem uma origem essencialmente radiogénica (Mezger & Krogstad, 1997; Montano,
2021). Por outro lado, os mecanismos de incorpora¢do de U e Pb em carbonatos durante
a cristalizacdo e diagénese nao sdao bem entendidos pois dependem de coeficientes de
particdo termodinamicamente determinados e de muitas variaveis. Por exemplo, dentre
essas variaveis pode-se incluir a disponibilidade de elementos-traco, taxa de crescimento
da calcita, temperatura, pH, Eh, pCO: e a razio Ca*"/COs 2 em solugio, raio idnico e
complexacdo de U (Roberts et al., 2021). Além dessas variaveis, sdo importantes também
as concentragdes iniciais de U e Pb, alteragdes ou recristalizagcdes a baixas temperaturas
na presencga de fluidos, difusdo de Pb em temperaturas moderadas (Cherniak, 1997), além
dos processos de formacdo de carbonatos serem complexos e duradouros (Rasbury &
Cole, 2009). Entao, uma das questdes, quando se trata da datagdo de carbonatos, ¢ sobre
qual evento geoldgico esta sendo representado pela idade (Rasbury & Cole, 2009; Drost
et al., 2019; Roberts et al., 2020).
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A datagao de carbonatos tem sido realizada por meio de diluicdo isotopica por
espectrometria de massas por ionizagdo termal (ID-TIMS) ou por ablagdo a laser e
espectrometria de massa com plasma indutivamente acoplado (ICP-MS) (Smith &
Farquhar, 1989; DeWolf & Halliday, 1991; Brannon et al., 1996; Rasbury et al., 1997;
Richards et al., 1998; Woodhead et al., 2006; Pickering et al., 2010).

Nos ultimos anos, devido a vantagem em relagao a alta resolugdo espacial e rapida
aquisicdo de dados, a ablacdo a laser associada com um espectrometro de massas com
plasma indutivamente acoplado (LA-ICP-MS) tornou-se cada vez mais popular na
datag¢do U-Pb in situ de carbonatos. Estudos de eventos tectonicos e de fraturas (Hansman
et al., 2018; Nuriel et al., 2019), de evolugao termal de bacias sedimentares (Mangenot et
al., 2018; MacDonald et al., 2019; Rochelle-Bates et al., 2022), e de interagdes rocha-
fluido (Li et al., 2014; Godeau et al., 2018), sdo algumas das aplicacdes dessa técnica. No
sistema do pré-sal, estudos foram realizados em carbonatos das bacias de Santos, Kwanza
e da Namibia (Rochelle-Bates et al., 2021; Godeau et al., 2021; Rochelle-Bates et al.,
2022; Lawson et al., 2022), obtendo um amplo espectro de idades. As interpretagdes
relacionadas a essas idades revelam que diferentes eventos deposicionais, diagenéticos,

hidrotermais, tectonicos ¢ magmaticos afetaram esses carbonatos.

As amostras analisadas foram obtidas de trés pogos do campo de Sapinhoa4, localizado
na parte central da Bacia de Santos. Um desses pogos (9-BRSA-928-SPS) compreende
um testemunho com cerca de 200 m de um intervalo quase continuo amostrado da secao
superior da Formagao Barra Velha, no centro do campo. Neste testemunho € possivel
observar ndo apenas constituintes primarios das rochas como shrubs, esferulitos,
oncolitos e ostracodes, mas também a intensa diagénese que afeta esses carbonatos na
forma de eventos de silicificacdo, dolomitizagdo, carstificacao, formagao de brechas e
fraturamento. Foram coletadas e analisadas também amostras de dois outros testemunhos:
7-SPH-6-SPS, localizado na parte norte do campo; e 9-BRSA-923A-SPS, localizado na
porcado sul e apesentando fei¢cdes semelhantes as observadas no testemunho 928. O SPH-
6 possui cerca de 30 m de intervalo continuo da por¢ao superior da Formagao Barra Velha,
enquanto o 923A possui aproximadamente 15 m de rochas testemunhadas, também da
porcao superior da Formagao Barra Velha. A comparag¢do das idades obtidas em amostras
desses trés testemunhos ¢ importante para entender as variagdes mineraldgicas e
isotopicas em relagdo ao contexto diagenético, tectOnico, estrutural, estratigrafico e

magmatico da bacia.
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1.2 OJETIVOS DA DISSERTACAO

O objetivo desta dissertacdo ¢ a caracterizacdo geocronoldgica de eventos
deposicionais e diagenéticos nos carbonatos da por¢ao superior da Formagao Barra Velha.

Para atingir esse objetivo, pretende-se:

o Identificar e caracterizar as facies sedimentares que ocorrem nos testemunhos
e nas laminas petrograficas;

e Identificar principais produtos diagenéticos observados na petrografia,
interpretando seu significado;

e Identificar a composi¢cdo mineraldgica, por meio de avaliagdo quantitativa de
materiais por microscopia eletronica de varredura (QEMSCAN), das fases
observadas em petrografia;

e Relacionar as idades obtidas com a histdria geoldgica da Bacia de Santos e de

outras bacias do Pré-sal, como as bacias de Campos, da Namibia, ¢ de Kwanza.

1.3 ESTRUTURA DA DISSERTACAO

Esta dissertacdo de mestrado estd organizada em cinco capitulos: Capitulo 1, que
introduz o tema pesquisado e apresenta os objetivos deste trabalho; o Capitulo 2 apresenta
a conceituacao teorica sobre a geocronologia U-Pb, com foco na datagdo U-Pb em rochas
carbonaticas, e aborda o contexto geoldgico do Pré-sal da Bacia de Santos; o capitulo 3,
que apresenta os materiais € métodos utilizados no trabalho; o capitulo 4, no qual estd o
artigo intitulado “U-Pb Dating of Carbonate Rocks From the Upper Barra Velha
Formation: Implications for the Geological History of the Santos Basin” a ser submetido
ao periddico Marine and Petroleum Geology.; o capitulo 5, que constitui breves
conclusodes e recomendagdes deste trabalho sobre a utilizagdo da geocronologia U-Pb nos

carbonatos do pré-sal; e, por fim, o capitulo 6 apresenta o referencial bibliografico.
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CAPITULO 2
2.1 CONCEITUACAO TEORICA
2.1.1 Geocronometro U-Pb

O cronometro isotopico U-Pb baseia-se nos processos de decaimento natural dos
isotopos radioativos de U (os radionuclideos) inicialmente incorporados no mineral a ser
datado. Na natureza, os radionuclideos mais comuns do U sdo o 2**U e o °U. Com o
tempo, 28U e 0 2°U (os isétopos-mie) decaem exponencialmente para os isotopos 2*Pb
e 297Pb (isotopos-filho) em uma taxa descrita por um parametro conhecido como meia-
vida, que é de 4,47 bilhdes de anos para a série de decaimento 2*3U -> 2%Pb e de 0,703
bilhdes de anos para a série de decaimento **°U ->2*"Pb. Depois de decorrida uma meia-

vida, metade dos atomos do is6topo-mae terd decaido para o isétopo-filho (Figura 1).
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Figura 1. Esquema do processo de decaimento radiogénico dos isotopos 233U e 235U em 2%°Pb ¢ 2°7Pb,
respectivamente, de acordo com suas respectivas cadeias de decaimento e meia-vida. O tempo de
meia-vida ¢ o tempo necessario para que metade dos radionuclideos de U se transformem em Pb. A
taxa de decaimento ¢ exponencial.

As duas series de decaimento sdo representadas pelas equagdes de Bateman (Bateman,

1910; Egs 1.1 e 1.2):
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206Pb — 206Pb0 + 238U (e 2238t _ 1) 1.1

207Pb — 207Pb0 + 235U (e A235t _ 1) 1.2

onde o subscrito 0 se refere a concentragdo inicial do is6topo ou concentragao de Pb nao
radiogénico (ou seja, Pb comum); A ¢ a constante de decaimento determinada com

precisdo; e t € o tempo decorrido desde o inicio da cristalizagdo até o presente.

As técnicas de espectrometria de massa empregadas permitem coletar com mais
precisdo as razoes isotdpicas em vez da concentragdo individual de cada is6topo. Por isso,
um isotopo estavel tem que ser usado como referéncia para a normaliza¢io atuando como
um denominador para as equac¢des de decaimento. Como o ***Pb nio é radiogénico, e por
ter a abundancia constante desde o inicio da Terra, ¢ utilizado como o isétopo de
referéncia (Schoene, 2014). Normalizando as equacdes 1.1 e 1.2, resulta as seguintes

equacoes:
206Pb*/204Pb — (2061)b/204l)b)0 + (238U/204Pb) (e 2238t _ 1) 1.3
207Pb*/204Pb — (207Pb/204Pb)0 + (235U/204Pb) (e A235t _ 1) 1.4

Dividindo a equagao 1.4 pela 1.3, chega-se na seguinte equagao:

(235U)(e 2235t _ 1) _ (207Pb* . 207Pb0)
338U (e 38 _ 1) _ ("Pb* - 26phy)

1.5

* refere-se a natureza radiogénica do Pb em questio

A Equagdo 1.5 é muito util porque permite evitar a medi¢do da concentracdo do 2*°U.
Este isOtopo tem uma menor abundincia natural e uma meia-vida mais curta se
comparado ao ***U. Em relag¢io ao 2*°U, conclui-se que a maior parte do >*U primordial
da Terra ja decaiu. Atualmente, a razdo *U/*U é considerada uma constante conhecida
em sistemas terrestres e meteoriticos igual a 137,818 £+ 0,045 (Hiess et al., 2012). Embora
essa razao, juntamente com os valores das constantes de decaimento, ainda seja uma
questdo de debate na comunidade geocronologica (Craig et al., 2020), a Unica incognita

nesta equacao continua sendo o Pb comum.

Existem diversas equagdes que permitem o célculo da composi¢do do Pb comum e

diferentes diagramas tém sido usados como formas convenientes de exibir a composi¢ao
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isotopica de Pb comum, como os diagramas da concordia de Tera-Wasserburg e de
Wetherill. A curva da concérdia (Wetherill, 1956) é uma curva paramétrica que define a
evolucdo das razdes de Pb radiogénico ao longo do tempo. Num sistema fechado, a
composi¢ao de um mineral que inicialmente ndo incorpora nenhum Pb sera plotada
diretamente na curva da concordia em uma posicao que fornega a idade concordante da
amostra. Em um modelo simplificado de decaimento das duas cadeias de decaimento U-

Pb, sem Pb comum incorporado, as equacdes 1.1 e 1.2 seriam:

206Pb* — 238U (e 2238t _ 1) 1.6

207Pb* — 235U (e A235t _ 1) 1.7

* refere-se a natureza radiogénica do Pb em questiio

Como os dois sistemas de decaimento se desenvolvem em paralelo dentro de um
determinado mineral, eles deveriam resultar na mesma idade (idade concordante). Assim,
as equagdes 1.6 e 1.7 podem ser combinadas em um diagrama (diagrama da concordia).
Este diagrama coloca os resultados de 2°°Pb/***U versus 2*’Pb/**°U de uma mesma anlise.
A curva concérdia ndio ¢ linear, pois os isétopos de 2**U e 2*°U possuem diferentes tempos
de meia-vida. No diagrama da concordia, todas as amostras que permaneceram como um
sistema fechado desde o tempo de formacao cairdo sobre a curva (idade concordante). As
que saem da curva sdao chamadas de discordantes e se comportaram como um sistema

aberto (Dickin, 2005; Schoene, 2014)

Em minerais com alto teor de U, como zircdo e monazita, a maior parte do Pb que
ocorre € radiogénico e o eventual Pb comum pode ser negligenciado e ocasionalmente
corrigido. Nesses minerais, o diagrama da concordia geralmente utilizado ¢ o de Wetheril
(Wetherill, 1956), que utiliza as razdes 2°°Pb/***U versus 2°’Pb/”**U. No entanto, para
minerais como apatita ou carbonatos, que podem incorporar grande quantidade de Pb no
momento da cristalizagdo (Pb comum), a datacao utiliza uma abordagem diferente: o

diagrama da concoérdia de Tera-Wasserburg (Tera & Wasserburg, 1972a,b).
2.1.2 Geocronologia de Carbonatos e Incorporacio de U e Pb

Carbonatos sdo minerais com baixos a intermediarios teores de U (10 ppb a 100 ppm;
Weyer et al., 2008; Nuriel et al., 2021), que incorporam quantidades variaveis de Pb no

momento da cristalizagdo (Pb comum), resultando em uma alta variabilidade da razao
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isotopica isotopo-mie/isotopo-filho (por exemplo, 23¥U/*%Pb). Idades de carbonato
obtidas através das duas cadeias de decaimento dificilmente serdo concordantes € sua

composicao isotopica ficara fora da curva da concordia.

O teor de Pb comum ¢ avaliado pelo método da isécrona (Schoene, 2014), exigindo a
realizagdo de multiplas andlises na mesma fase carbondtica. Se minerais carbonaticos
coexistentes evoluiram a partir da mesma composicao de Pb (isso € observavel através de
multiplas analises no mesmo constituinte carbonatico), os pontos formarao uma linha reta
com significancia de idade em um gréafico de 2**Pb/?%*Pb vs. 2*U/**Pb (Montano, 2021).
E a isocrona. Porém, devido a dificuldade em medir o 2**Pb de forma precisa, pode-se
fazer uso de isdcronas alternativas como a de Tera-Wasserburg, que utiliza parametros
normalmente bem detectados pelos coletores de Faraday como 2*%U, 2°Pb, e 2'Pb
(Ludwig, 1998; Woodhead et al., 2006). Portanto, a composi¢do isotopica U-Pb de
carbonatos ¢ usualmente representada no diagrama da concordia de Tera-Wasserburg que
inclui ambas as cadeias de decaimento (**%U -> 2%Pb e *°U ->2"Pb) e ¢ o inverso do
diagrama da concordia de Wetherill. O diagrama da concérdia de Tera-Wasserburg

apresenta a razdo 2**U/2%Pb no eixo X e a razio 2°’Pb/?°Pb no eixo Y.

Se 238U/2%Pb* ¢ 207Pb*/2%Pb* (* refere-se a Pb corrigido por Pb comum, como ocorre
no diagrama da concordia de Wetherill) forem plotados no diagrama da concoérdia de
Tera-Wasserburg, os dados concordantes e discordantes podem ser interpretados de
forma idéntica ao diagrama da concérdia de Wetherill. No entanto, se um conjunto de
amostras cogenéticas sair da concordia por contaminagdo de Pb comum, entdo a regressao
linear do conjunto de dados interceptara a concérdia no eixo X, correspondendo a idade,
e interceptara o eixo Y (2**’Pb/2%Pb) no valor de Pb comum. O diagrama da concordia de
Tera-Wasserburg, portanto, combina a eficacia da isocrona em obter uma composi¢do de
Pb comum com a eficacia de um diagrama da concordia em testar se houve a abertura do
sistema (Schoene, 2014). Um ponto de uma andlise U-Pb serd plotado com as seguintes

coordenadas cartesianas:

(238U) . 1
Eixo x: W — m 1.8
(207Pb*) . (e A235t _ 1)
Eixo y: W — m 1.9
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* refere-se a natureza radiogénica do Pb em questio

onde k ¢ a razdo atual 2°U/?8U = 1/137,88 (Hiess e al., 2012). A curva da concordia é

obtida considerando o mesmo t nas equagdes 1.8 ¢ 1.9

A composi¢do isotopica inicial de um carbonato (em t0) serd plotada em um
diagrama da concordia de Tera-Wasserburg como um conjunto de pontos alinhados ao
longo de uma linha de regressao horizontal. Com o tempo, os is6topos de U de cada ponto
decaem para is6topos de Pb, resultando em um aumento progressivo da inclinacdo da
linha de regressao. A idade da formagao do carbonato ¢ obtida pelo valor no qual a linha
de regressao corta a curva da concodrdia no intercepto inferior. Por esta razao, ¢ chamada

de “Lower intercept age” (Figura 2; Montano, 2021).
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Figura 2. Geocronologia U-Pb em carbonatos e diagrama da concordia de Tera-Wasserburg associado. A
esquerda: imagem petrografica de um odide. Os quadrados roxos representam os pontos de analise. A
direita: diagrama da concordia de Tera-Wasserburg. Cada elipse roxa representa uma Unica analise e os
respectivos valores das razdes 2*8U/2%Pb e 2°7Pb/?°Pb. O eixo maior € o eixo menor das elipses indicam as
incertezas de cada uma das duas razdes medidas. Em condi¢Ges ideais, no momento da cristalizagdo, as
razdes isotdpicas U/Pb sdo heterogéneas e a razdo Pb/Pb é homogénea, resultando em uma linha de
regressdo horizontal (a isdcrona, marcada pela linha azul pontilhada). Conforme o tempo passa e o U decai
para Pb radiogénico, a linha de regressdo inclina-se e corta a curva da concordia em uma posi¢ao que indica
a idade da amostra (o intercepto inferior). O intercepto superior entre a regressdo e o €ixo y representa a

composicdo inicial de 2°’Pb/?°Pb do mineral (Montano, 2021).

Para obter uma robusta e significativa idade em uma amostra de carbonato, alguns
pré-requisitos devem ser atendidos: 1) a composicdo inicial 2*’Pb/*’Pb deve ser
homogénea; 2) deve haver um espalhamento no valor da razdo isotdpica isdtopo-
mae/isotopo-filho e é preferivel que esta razao tenha valores altos; e 3) o sistema isotopico

deve permanecer fechado. Os dois primeiros requisitos dizem respeito ao comportamento
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do U e de seus isotopos-filho em sistemas aquosos e a captura deles pelos carbonatos. A
complexidade dos sistemas carbonaticos pode facilmente resultar em heterogeneidade
isotopica de Pb ou na homogeneidade da razdo 23*U/?%Pb. Atualmente, as circunstancias
para o sequestro heterogéneo de U e para a rejeicdo de Pb em carbonatos nao sao
totalmente compreendidos, o que dificulta um bom resultado de datacao. Outro fator
fundamental a ser considerado ¢ o impacto da diagénese que pode modificar a composigao

isotopica primitiva e, portanto, a idade (Rasbury et al., 2021; Montano, 2021).

Nos ultimos anos, estudos focados na geocronologia de carbonatos e na incorporacao
de U e Pb em carbonatos tém aumentado (Rasbury & Cole, 2009; Kelly et al., 2003,
Roberts et al., 2021; Miyajima et al., 2020).

Por exemplo, é sabido que o cation Pb*" ¢é relativamente insolivel e reativo a
particulas, e em fluidos naturais este cation ¢ encontrado em baixas concentragdes (ppt-
ppb), possibilitando altas razdes Ca/Pb (Rasbury & Cole, 2009). Apesar do raio i6nico
ligeiramente maior do Pb*" em relacdo ao Ca®" (Shannon, 1976; Rouff et al., 2004), ele
possui afinidade pela calcita, substituindo o Ca** na rede cristalina, principalmente como

um complexo de esfera interna (Rasbury & Cole, 2009).

A incorpora¢do de U em carbonatos, por sua vez, ¢ um processo mais complexo e
menos compreendido do que a incorporagdo de Pb. A especiagdo de U no fluido estéd
ligada as condi¢des redox de baixa temperatura do fluido, enquanto a solubilidade do U
depende principalmente de Eh e pH (Klinkhammer & Palmer, 1991; Seder-Colomina et
al., 2018). O U tem dois estados de oxida¢do comumente identificados: U*" (mais comum
em condi¢des redutoras) e U®" (mais comum em ambientes oxidantes). U*" tem um raio
ionico semelhante ao do Ca®" (0.89 A, Shannon, 1976) e entdo poderia ser incorporado
nos carbonatos. Contudo, U*" é insoluvel em sistemas naturais e ¢ usualmente capturado
por outros minerais que precipitam em ambientes redutores, como a uraninita, por
exemplo. Nenhum experimento laboratorial realizado em baixa temperatura demonstrou
a incorpora¢io de U*" em carbonatos, porém: 1) elevadas concentragdes de U ocorrem
em carbonatos naturais com a forma reduzida do U (e.g. Klinkhammer & Palmer, 1991;
Sturchio et al., 1998; Cole et al., 2004); 2) concentragdes progressivamente altas de U
foram detectadas em depositos profundos nas Bahamas, onde outros parametros
geoquimicos (Mo, V, Cr e Co) sugeriram condi¢des fortemente redutoras (Wray et al.,
2018); e 3) concentracdes particularmente altas de U foram detectadas em cimentos
precipitados a partir de aguas subterraneas anoxicas profundas (Drake et al., 2018).
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Portanto, condic¢des redutoras devem promover a concentragao de U em carbonatos. Uma
possivel justificativa para a incorporagio de U*" em carbonatos foi proposta por Rasbury
et al. (2021). Baseando-se nas altas concentragdes de U encontradas nas tufas lacustres
da Formagcdo Barstow e nos carbonatos de Mono Lake, os autores sugeriram que o U*"
pode ser complexado com algum oxianion (um fosfato ou bicarbonato, por exemplo) no
fundo do lago e entdo incorporado ao carbonato durante a formacao. Conclusivamente,

parece que o U*" ¢ a espécie mais estavel de U em carbonatos (Roberts et al., 2021).

Em condi¢des oxidantes, o U®" existe na forma do complexo uranila (UO2>")
(Langmuir, 1978) e é mais soliivel que o U*". O ion uranila é maior que os sitios do UO,
e do Ca®". Assim, devido ao seu tamanho maior e a sua maior solubilidade em fluidos
naturais, o entendimento da ocorréncia do ion uranila em carbonatos ¢ um desafio antigo.
Kelly et al. (2003) e Reeder et al. (2001) demonstraram que o ion uranila pode ser
singeneticamente incorporado em carbonatos no sitio do ion Ca**, sendo uma captura
i0nica duradoura e que promove uma distor¢ao na estrutura cristalina do carbonato (Kelly

et al., 2003; 2006).

Minerais ricos em uranila ¢ em U (uraninita, por exemplo) formados em condigdes
redutoras também podem ser adsorvidos pela superficie da rede cristalina (Carroll et al.,
1992, Geipel et al., 1997, Elzinga et al., 2004, Rihs et al., 2004). Este processo de
adsorcdo ¢ influenciado pela especiacio do U*', pela concentracido de Ca no fluido, pelo
pH e por processos biogeoquimicos. Em particular, quando o pH > 7, a porcentagem de
U*" adsorvido por complexos de esfera interna diminui fortemente, enquanto sob pH mais

4cido a adsor¢io do U*" aumenta (Elzinga et al., 2004).

Diferentes pseudomorfos de carbonato também sdo caracterizados por diferentes
concentragdes de U. Sabe-se que a incorporagdo de U € maior em aragonita > calcita com
alto teor de Mg > calcita (Chung & Swart, 1990; Reeder et al., 2001). Isto € possivelmente
devido a uma incompatibilidade de tamanho entre U e Mg que € maior do que aquela
entre U e Ca (Rasbury & Cole, 2008). Em relagdo a dolomita, nenhum estudo
experimental foi publicado sobre a incorporagdo de U em dolomitas. No entanto, devido
as estruturas semelhantes, espera-se que a dolomita incorpore concentracdes de U

similares as das calcitas com alto teor de Mg (Rasbury et al., 2021).

Embora ndo esteja claro como a interagao entre esses fatores afeta a captura de U em

carbonatos, foi observado que tipos especificos de carbonatos sdo caracterizados por
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elevadas e heterogéneas concentragdes de U, e concentragdes mais baixas e homogéneas
de Pb, produzindo idades U-Pb robustas (Rasbury & Cole, 2009 e Roberts et al., 2021).
Estes sdo espeleotemas (Woodhead et al., 2006; Woodhead & Petrus, 2019), hardgrounds,
carbonatos aragoniticos ou geralmente carbonatos que possuem aragonita como precursor

(Roberts et al., 2020a; Nuriel et al., 2021).

2.2 CONTEXTO GEOLOGICO
2.2.1 Localizacao da Area de Estudo

A Bacia de Santos localiza-se na regido sudeste da margem continental brasileira,
entre os paralelos 23° e 28° Sul, abrangendo uma area de cerca de 350.000 km? até a cota
batimétrica de 3.000 m (Moreira et al., 2007). A bacia se estende ao longo do litoral dos
estados do Rio de Janeiro, Sao Paulo e Parana, sendo separada da Bacia de Campos, a
norte, pelo Alto de Cabo Frio. Seu limite Sul consiste no lineamento formado pelo Alto

de Florianopolis, feicdo que a separa da Bacia de Pelotas (Figura 3).

A érea de estudo esta localizada na porc¢ao central da Bacia de Santos (Figura 3A),
distante do litoral do estado de Sao Paulo por cerca de 310 km e ocupando uma area de
aproximadamente 230 km? (Figura 3B). A estrutura do campo de Sapinhod consiste em
um horst alongado na diregdo NE-SW limitado por falhas normais de dire¢do NNE que
condicionaram o desenvolvimento de uma plataforma carbonatica isolada (Sartorato,

2018).
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Figura 3. (A) Area de estudo localizada na regiio sudeste da margem continental brasileira, mais
especificamente na Bacia de Santos. O campo de Sapinhod (em lilas) estd na porcdo central da Bacia de
Santos. O poligono amarelo representa o poligono do pré-sal. Em magenta, estdo os demais campos de
petroleo. No norte, a Bacia de Santos ¢ separada da Bacia de Campos pelo Alto de Cabo Frio. Ao sul, é o
Alto de Floriandpolis que separa a Bacia de Santos da Bacia de Pelotas. (B) Detalhe do campo de Sapinhoa,

mostrando a distribui¢do dos trés pogos estudados ao longo do campo.

2.2.2 O Pré-sal da Bacia de Santos

A Bacia de Santos foi formada devido a quebra do supercontinente Gondwana durante
o Cretaceo Inferior em torno de 135-140 Ma (Karner et al., 2021; Rangel et al., 1994).
Esta bacia est4 localizada na por¢do sudeste da margem atlantica brasileira, limitada ao
sul pela Bacia de Pelotas através do Alto de Florianopolis, e a sua parte norte ¢ limitada
pela Bacia de Campos através do Alto de Cabo Frio, cobrindo uma area de

aproximadamente 350 mil km? (Ariza Ferreira et al., 2019).

A Bacia de Santos ¢ classificada como uma bacia de margem passiva, que inclui o
estagio sin-rifte (Hauteriviano ao Barremiano Superior), no qual os basaltos da Formagao
Camboriti marcam o inicio da fase rifte e representam o embasamento econdmico da
Bacia de Santos (Chang et al., 1992; Mohriak et al., 2008). Com a evolucao gradual do
rifteamento, a Fm. Camboriu foi sobreposta pelos depositos flavio-lacustres das
formagdes Picarras e Itapema, compostas por arenitos, siltitos e folhelhos de composi¢ado
talco-estevensitica e por coquinas intercaladas com folhelhos, respectivamente (Moreira

et al., 2007). A contragdo termal da crosta resultou em subsidéncia e colapso de domos

26



crustais, gerando bacias do tipo “sag” (Beasley et al., 2010). O intervalo pés-rifte/sag ¢
composto por depdsitos barremiano-aptianos da Formacdo Barra Velha, associados a
aguas lacustres saturadas e alcalinas (Wright & Barnett, 2015); e por evaporitos da
Formagao Ariri que foram depositados em um cenario paleogeografico semelhante a um
golfo com 4guas altamente salinas e sob um balanco hidrolégico negativo (Chang et al.,
1992). A sequéncia drifte compreende carbonatos plataformais e arenitos de aguas rasas,
e folhelhos e arenitos turbiditicos de 4guas profundas (Moreira et al., 2007; Gomes et al.,

2012; Arienti et al., 2018; Neves et al., 2019).

A porgao superior da Formagdo Barra Velha, que ¢ o foco deste estudo, compreende
trés principais componentes e facies relacionadas: (1) carbonatos laminados com
granulometria de argila (os mudstones); (2) particulas milimétricas com formato esférico
(esferulitos; spherulitestones) e (3) particulas milimétricas a centimétricas com formato
semelhante ao de arbustos (shrubs; shrubstones). Esses constituintes frequentemente
ocorrem retrabalhados, formando grainstones, packstones e rudstones. De acordo com
Wright & Barnett (2015), a argila, os esferulitos e os shrubs (e as suas respectivas facies
relacionadas), ocorrem em intervalos de padroes ciclicos. Da base para o topo do ciclo,
ocorrem argila e mudstones, esferulitos e spherulitestones (podendo ocorrer com argila
intersticial), e shrubs e shrubstones (também podendo ocorrer com argila intersticial e
com particulas de esferulitos). Basso et al. (2021) compilaram elementos de diversos
estudos sobre os carbonatos do pré-sal e propuseram um novo modelo dos ciclos,
semelhante ao ciclo proposto por Wright & Barnett (2015), mas considerando as facies
retrabalhadas: grainstones e packstones intraclasticos ocorrendo nas porgdes
intermediarias dos ciclos; e com grainstones, rudstones e shrubstones marcando o topo

dos ciclos.

A evolugdo tectono-sedimentar da Bacia de Santos, segundo Moreira et al. (2007),
identifica seis principais discordancias dentro da sequéncia do pré-sal (Figura 4A). As
duas primeiras discordancias sdo a base e o topo dos basaltos da Formagdo Camboriu. A
seguinte, conhecida como Discordancia Pré-Jiquia (DPJ), limita a Formagao Pigarras.
Sobrejacente a DPJ, encontra-se a Formagdo Itapema cujo topo ¢ limitado pela
Discordancia Pré-Alagoas (DPA). Esta ultima discordancia marca a base da Formacao
Barra Velha, que ¢ dividida em dois intervalos: Barra Velha Inferior e Barra Velha
Superior; esses intervalos sdo separados pela Discordancia Intra-Alagoas (DIA) de 117

Ma (Moreira et al., 2007) e correspondem as fases sin-rifte e sag, respectivamente
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(Moreira et al., 2007; Wright e Barnett., 2015). A base do sal marca o limite superior da

Formagao Barra Velha, representando a discordancia da base do sal (Moreira et al., 2007).

2.2.3 Idades de Magmatismo na Bacia de Santos e de Hidrotermalismo no

Sistema Pré-sal.

Ao menos quatro eventos magmaticos foram identificados na Bacia de Santos
(Moreira et al., 2007; Gomes et al., 2015; Oliveira et al., 2023). O evento mais antigo,
Camborit (~130 Ma, Moreira et al., 2007), ¢ relacionado ao estagio rifte. Essas rochas
sdo contemporaneas com o derrame basaltico continental Parand-Etendeka e com o
enxame de diques Serra do Mar, no sudeste do Brasil (134 — 132 Ma, idades “°Ar/*Ar em
plagioclasio e em rocha total; Guedes et al., 2005; Thiede & Vasconcelos, 2010; Gomes
& Vasconcelos, 2021).

Os basaltos toleiticos barremiano-aptianos do poés-rifte, datados de 125,5 = 0,7 Ma
por Rancan et al. (2018) sdo contemporaneos aos basaltos de idade Barremiana-Aptiana
(127,4 + 2,3 Ma) da Bacia de Kwanza (Trittla et al., 2018). Esse magmatismo
Barremiano-Aptiano da Bacia de Santos esta associado principalmente com a Formagao
Itapema (Rancan et al., 2018). Os eventos magmaticos do pds-rifte também incluem
diabasios toleiticos e alcalinos de idade entre ~113 Ma e ~120 Ma (Moreira et al., 2007):
os eventos Tupi (~120 Ma), Parati (~115 Ma), e Sul de Santos (~113 Ma). Esse
magmatismo do Aptiano esta associado com as formacdes Barra Velha e Itapema e, em
escala regional, com a Discordancia Intra-Alagoas (Ren et al., 2020). Recentemente, Hunt
et al. (2021) mencionaram um magmatismo mais jovem que o Parati, denominado Pos-
Parati Picinguaba, que ocorreu no campo de Bacalhau (Bacia de Santos). Louback et al.
(2023) reportaram idades de basaltos toleiticos no campo de Bacalhau variando de 116 a

109 Ma (Figura 4B).

A atividade magmatica foi acompanhada por uma ampla alteracdo hidrotermal que
afetou os basaltos e a sucessdo carbonatica. Idades de alteracdo hidrotermal no pré-sal
foram obtidas em rochas das bacias de Santos, Campos e Kwanza. Na Bacia de Santos,
Rancan et al. (2018) obtiveram uma idade *“’Ar/*’Ar de 114,3 + 1,1 Ma em alteragio
hidrotermal de um basalto toleitico. Uma idade “°Ar/*° Ar mais jovem de 49,9 + 0,45 Ma,
do Eoceno, também foi obtida por Rancan et al. (2018) em uma alteracdo de rochas da
suite alcalina do Santoniano-Campaniano. Ja na Bacia de Campos, atividade hidrotermal

foi datada por meio de datacdo *°Ar/*°Ar em adularia, obtendo idades de 107,0 + 1,0 —
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104,3 £ 0,8 Ma (Tritlla et al., 2018), enquanto na Bacia de Kwanza, duas idades de
alteragdes hidrotermais em basaltos foram obtidas por Loma et al. (2018): uma idade
“0Ar/3°Ar mais velha do Aptiano Superior, de 114,5 + 2,9 Ma; e uma idade albiana mais

jovem, também por *°Ar/*°Ar, de 106,9 + 1,6 Ma (Figura 4C).

A Bacia de Santos também foi afetada por um magmatismo mais jovem associado
ao estagio drifte: os magmatismos Santoniano-Campaniano (~ 82 Ma; “°Ar/*Ar; Oreiro,
2006; Rancan et al., 2018) e do Eoceno (~ 49 Ma; “°Ar/*°Ar; Dias et al., 1990; Rancan et
al., 2018). As idades publicadas do magmatismo Santoniano-Campaniano sao de 82 + 1
Ma (Szatmari, 2001) ¢ de 83,3 + 0,66 Ma— 72,4 + 4,9 Ma (Rancan et al., 2018). As idades
do magmatismo do Eoceno, por sua vez, sdo de 48,9 Ma (Szatmari, 2001) e 41,06 + 0,02
Maa 38,62 + 0,02 Ma (Louback et al., 2021). Esses magmatismos relacionados ao estagio
drifte compreendem principalmente rochas alcalinas vulcanicas entre as sequéncias
sedimentares do pré-sal, e rochas intrusivas que cortam as rochas sedimentares do pré-sal

(Moreira et al., 2006).
2.2.4 Idades de Deposicao de Carbonatos e de Diagénese nas Bacias do Pré-sal

Idades de carbonatos de constituintes do pré-sal foram obtidas por datacdo U-Pb
através de técnicas como LA-ICP-MS e ID-TIMS (Goudeau et al., 2021; Rochelle-Bates
et al., 2021; Lawson et al., 2022; Rochelle-Bates et al., 2022). Fases calciticas da por¢ao
superior da Formacdo Barra Velha datadas por Rochelle-Bates et al. (2022) geraram
idades de 107,0 £27,2 Ma e 113,0 £ 15,3 Ma para shrubs. Em esferulitos, as idades foram
de 107,6 £ 5,1 Ma e 77,0 + 11,2. Esses autores, entdo, reuniram os dados da populagdo
mais antiga de calcita primaria, obtendo uma idade de 114,0 & 13,4 Ma para os shrubs, e

uma idade de 106,9 + 4,3 Ma para todas as particulas de calcita (shrubs e esferulitos).

Fases de dolomita também foram analisadas por Rochelle-Bates et al. (2022), obtendo
idades de 58,0 £ 4,6 Ma e 59,2 + 5,3 Ma para “pontes” de dolomita e para dolomita
romboédrica, respectivamente. Lawson et al. (2022) também publicou idades de U-Pb em
carbonatos da porcao superior da Formacao Barra Velha, obtidas por LA-ICP-MS. Tais
idades variaram de 114 + 4,72 Ma a 58,85 + 10,74 Ma, e uma andlise por ID-TIMS
produziu uma idade de 115,83 = 1,56 Ma. Lawson et al. (2022) interpretaram essas idades
como ndo deposicionais, exceto pelas idades de 115,83 = 1,56 Ma, 114 + 4,72 Ma e
109,73 + 9,26 Ma. Rochelle-Bates et al. (2021) publicaram idades de veios de calcita
(86,2 £2,4 Ma) e de veios de dolomita (56,8 + 4,8 Ma) na Bacia da Namibia. Ja na Bacia
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de Kwanza, Godeau et al. (2021) publicaram idades de 112-110 Ma para veios de calcita;
de 115 — 90 para dolomita romboédrica pervasiva; 92 Ma para veios de calceddnia; e uma
idade de 85,45 + 9,5 Ma para cristais de calcita preenchendo porosidade vugular (Figura

4D). A tabela com os dados utilizados para os histogramas da figura 4 estdo disponiveis

nos anexos.
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Figura 4. (A) Sec¢do estratigrafica do Cretaceo Inferior da Bacia de Santos (adaptado de Moreira et al.,
2007). (B) Histograma de idades de eventos magmaticos na Bacia de Santos. (C) Histograma das idades de
eventos de hidrotermalismo no pré-sal (dados das bacias de Santos, Campos, Namibia e Kwanza). (D)
Histograma de idades deposicionais e de diagénese registradas no pré-sal (dados das bacias de Santos,
Namibia e Kwanza). Os dados utilizados para a construg@o dos histogramas estdo disponiveis nos anexos
e sdo das seguintes referéncias: Rochelle-Bates et al. (2021); Godeau et al. (2021); Rochelle-Bates et al.
(2022); Lawson et al. (2022); Moreira et al. (2007); Szatmari & Milani, (2016); Trittla et al. (2018); Loma
etal. (2018); Rancan et al. (2018); Louback et al. (2021); Godeau et al. (2021); Rochelle-Bates et al. (2021);
Louback et al. (2023); Gordon et al. (2023); Oliveira et al. (2023).
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CAPITULO 3
3.1 MATERIAIS E METODOS
3.1.1 Correlacao por Perfis de Raios Gama

A correlacdo dos pocos foi realizada considerando o perfil de raios gama dos trés
pocos estudados (3-BRSA-923A-SPS, 9-BRSA-928-SPS e 7-SPH-6-SPS; Figura 5A). A
correlagdo ¢ importante porque os testemunhos foram amostrados em diferentes partes da
porcao superior da Fm. Barra Velha. Por exemplo, no poco 928 foram amostrados ~ 200
m de um intervalo quase continuo da parte superior da Formacao Barra Velha; no poco
923 A foram amostrados aproximadamente 15 metros; e no poco SPH-6 foram amostrados
~30 m. Portanto, para fins de comparagao, deve-se saber se os intervalos amostrados sao

correlacionaveis.
3.1.2 Petrografia

Trinta e quatro amostras foram coletadas de 3 testemunhos descritos (3-BRSA-923A-
SPS, 9-BRSA-928-SPS e 7-SPH-6-SPS) da porc¢ao superior da Formacao Barra Velha
(Figura 5B). Dessas amostras, foram observadas e descritas laminas delgadas com
espessura de 120 um com o auxilio do microscopio Axioscope 5, da ZEISS. Das amostras

de laminas delgadas, 15 foram selecionadas para analise de U-Pb in situ por LA-ICP-MS.
3.1.3 Imageamento por QEMSCAN

Mapas mineraldgicos detalhados foram obtidos usando um Quanta FEI 650F
acoplado a um microscopio eletronico de varredura com dois detectores de energia
dispersiva. As laminas delgadas foram revestidas com carbono e o equipamento foi
configurado com uma corrente de 10 nA e uma voltagem de 15kV, para a geracao de
mapas com resolucdo de 10 pum. As andlises foram realizadas no QEMLab da
Universidade de Brasilia. As imagens QEMSCAN ajudaram na distingdo de
caracteristicas petrograficas e relagdes de substitui¢ao, incluindo alteracdes diagenéticas

de constituintes primarios € cimento.
3.1.4 Geocronologia U-Pb em Carbonatos

Dados de U-Pb foram obtidos no laboratorio de geocronologia da Universidade de
Brasilia, utilizando o Espectrometro de Massas Multicoletor de Alta Resolugdo (7Thermo

Scientific Neptune XT) acoplado a um sistema de ablacdo a laser Analyte Excite, da
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Teledyne. As massas de interesse foram medidas em um espectrometro de massa multi-
coletor. O sistema de ablacdo a laser estd equipado com uma camara de volume dupla
HelEx II. O espectrometro de massa foi configurado para melhorar a sensibilidade dos
sinais de U e de Pb enquanto minimiza a produgao de 6xidos antes de cada sessao analitica.
Cada analise consistiu na medic¢ao de 10 s de sinal de fundo, seguida por 20 s de aquisi¢ao
de sinal da amostra. As massas (202, 204, 206-208, 232, 238) foram medidas
simultaneamente utilizando uma combinagao dos seguintes detectores: copos de Faraday,
multiplicadoras de elétrons secundarios (SEM), e multiplicadores de elétrons de diodos
discretos compactos (CDD). As condigdes do laser incluem um didmetro do feixe de 85
um, frequéncia de 10 Hz, e fluéncia de 4.0 J/em?. O dado bruto foi processado no lolite
4.0 (Paton et al., 2011) como sinal resolvido no tempo, e a inspe¢do individual do sinal
foi feita com o auxilio da ferramenta VizualAge (Petrus & Kamber, 2012). A redugdo dos
dados foi feita utilizando o esquema de redu¢do de dados UComPbine, que leva em conta
0o Pb comum variavel no material de referéncia (Chew et al., 2014), e as correcdes
incluiram subtra¢do de branco, corre¢do de fracionamento a medida que ocorre a ablagao
usando um modelo exponencial + linear, e normalizacdo pela calcita Walnut Canyon
(Roberts et al., 2017). O valor de Pb comum usado para ancorar o dado foi de 0,85 + 0,04
(Roberts et al., 2017). A calcita da Formagao Barstow (Cole et al., 2005; Rasbury & Cole,
2009) foi usada como controle de qualidade. Excesso de variancia do material de
referéncia primario foi propagado em cada ponto analitico. Incerteza sistematica de cerca
de 1% foi propagada em cada idade final. Nenhuma corre¢do de Pb comum foi aplicada.

As idades sao cotadas em um intervalo de confianca de 95%.

Apos a reducdo dos dados, o IsoplotR (Veermesch, 2018) foi utilizado para plotar
dados U-Pb em diagramas da concoérdia do tipo Tera — Wasserburg. Todas as idades sao
valores de onde a regressdo linear corta o intercepto inferior (o eixo 2*®U/?%Pb) dos
diagramas da concordia Tera-Wasserburg, dentro de um intervalo de confianca de 2s, € a
qualidade do ajuste da regressdo linear ¢ avaliada usando a estatistica qui-quadrado
reduzida, conhecida na geocronologia como Mean Squared Weighted Deviation (MSWD).
Os valores claramente discrepantes sdo provavelmente uma consequéncia da andlise de
inclusoes, fases diferentes ou misturas, e esses dados sdo rejeitados nas regressdes para o
calculo da idade. Quando o diagrama da concoérdia € tragado no IsoplotR, duas incertezas
sdo calculadas para a idade obtida. Por exemplo, o resultado aparece assim: idade = x +

y (] z), onde x ¢ a idade calculada na concérdia (em Ma); y € o erro padrdo de x ou a
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incerteza analitica de x (em 2s); e z é o erro padrio de x multiplicado por v’ MSWD para

levar em conta qualquer sobredispersdo. Na verdade, z s6 ¢ medido e recomenda-se
considerar z como a incerteza da idade se houver sobredispersao nos dados, ou seja, se o

valor do MSWD diferir consideravelmente de 1,0 (Veermesch, 2018).
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Figura 5. (A) Correlagdo estratigrafica entre os pogos estudados, por meio de perfil de raios-gama. O
poligono roxo tracejado representa a por¢do amostrada do pogo 923A. O poligono Vermelho tracejado
representa a por¢ao amostrada do poco 928. O poligono azul tracejado representa a por¢ao amostrada do
pogo SPH-6. A linha tracejada laranja representa a base do sal. A linha azul tracejada marca a Discordancia
Intra-Alagoas. O poligono lildas marca a correlagdo entre a por¢cdo amostrada do pogo 923A, que
corresponde aos 15 metros imediatamente abaixo do marco Lula, com os 30 metros superiores da porgdo
amostrada do pogo 928, que provavelmente engloba o mesmo ou nivel estratigrafico semelhante que o
amostrado pelo testemunho 923A. O poligono azul marca a correlagdo entre a parte amostrada do pogo
SPH-6, que corresponde entre cerca de 100 m a 140 m de profundidade abaixo da base do sal, com a porgéo
intermediaria amostrada do poco 928 que provavelmente compreende um intervalo estratigrafico
semelhante aquele compreendido pelo testemunho SPH-6. (B) Perfis estratigraficos da por¢do superior da
Formacao Barra Velha, amostrada pelos trés pocos estudados. A linha tracejada vermelha marca a divisao
do testemunho 928 em duas partes: (1) a se¢do superior, localizada dentro de ~ 20 metros logo abaixo da
base do sal, que provavelmente estd em uma posigdo estratigrafica similar a do testemunho 923A; e (2)
uma se¢do intermediaria do testemunho 928, localizada entre 100 m e 150 m abaixo da base da Fm. Ariri,
e que provavelmente corresponde a uma posigdo estratigrafica semelhante aquela na qual o testemunho
SPH-6 foi amostrado. Os poligonos vermelhos marcam locais de houve amostragem para analises de U-Pb

em carbonatos.
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CAPITULO 4
U-Pb Dating of Carbonate Rocks From the Upper Barra Velha

Formation: Implications for the Geological History of the Santos Basin

J.P.S. Brito®", R.V. Santos?, C.J. Abreu?, P.L. Barbosa? , G.O. Gongalves® , C.E.S.
Cruz?, C.A. Ushirobira?®, V.S. Souza?, F. Richter?

AUniversity of Brasilia, Institute of Geosciences, Graduate Program in Geology.

*corresponding author: joao-brito.jb@aluno.unb.br

Highlights
* Primary calcite underwent U-Pb replacement;

* Microcrystalline and fine dolomite rhombs registered the first direct U-Pb Barremian ages of
the Barra Velha Fomation carbonates;

» U-Pb carbonate ages are related to tectono-thermal events that affected the Santos Basin and
other Pre-salt basins;

* An age spatial relation exists between the studied wells;

* The mineralogy of the particles and their physical properties, such as porosity and permeability,
have a huge influence on the U-Pb ages.

Abstract: Deposition, diagenesis, and chronology of Upper Barra Velha carbonates are subjects
of interest as these themes are still being properly understood. To elucidate the chronology of
these events and to understand how the U-Pb isotopic system works in carbonate minerals, we
present an integrated study of conventional petrography, QEMSCAN imaging, and in situ U-Pb
dating of carbonate samples from wells A, B and C of the Zeta field, in the central part of Santos
Basin. Our results span three main geochronological intervals: ~127/125 Ma, ~116/114 Ma, and
~105/100 Ma. Calcite primary particles from wells A and B underwent U-Pb replacement,
resulting in ages of ~106 Ma. Otherwise, similar particles from well C exhibited ages around 115
Ma. Considering that the younger ages obtained in wells A and B overlap magmatic and
hydrothermal events in the pre-salt, we suggest that a nearby heat source drove the hydrothermal
system. However, this younger event not affected the ages of well C. Concerning dolomites, they
showed that the geochronological replacement of particles may not be a pervasive effect, but may
depend on fluid-rock interactions, mineralogy, porosity and permeability of geological materials.
For instance, the non-porous, non-permeable, and less reactive dolomitic aggregates were not
affected by U-Pb replacement. Indeed, primary microcrystalline and fine dolomite rhombs
recorded the first direct Barremian ages of the Barra Velha carbonates. Regarding secondary
dolomites, they were separated in pre and post-silicification dolomites. The former occurs as

Barremian-Aptian ~124 Ma microcrystalline and fine dolomite rhombs; as ~117 — 108 Ma
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lamellar and pervasive rhombohedral dolomites; and as pseudomorphic dolomites that underwent
U-Pb replacement during the Albian-Cenomanian. Post-silicification dolomites have ages of ~
100 Ma and are represented by later diagenetic cements like blocky and saddle dolomites. The

latter temporally limits a silicification event as older than 100 Ma.
Keywords: U-Pb replacement; Carbonate dating; Barra Velha Formation; Fluid-rock interaction

4.1 INTRODUCTION

The origin, diagenesis, and hydrothermal processes of carbonate rocks that host
the Brazilian pre-salt oil reservoirs have been debated by many recent studies (Wright
and Barnett, 2015; Souza et al., 2018; Farias et al., 2019; Lima et al., 2020; Carvalho and
Fernandes; 2021; Rebelo et al., 2023), as these reservoirs may be considered non-
conventional deposits, with very few good modern analogs and unique characteristics.
Therefore, tectonic, petrographic, sedimentological, stratigraphic and geochemical
informations are helping to unravel the peculiarities of this complex geological system.
For instance, the radiogenic 3’Sr/*Sr ratio of these carbonates (0.7111-0.7141; Pietzsch
et al., 2018; Farias et al., 2019; Lima et al., 2020; Lawson et al., 2022) points to a non-
marine depositional environment in which the facies pattern was influenced by lake-level
oscillations and by a substrate with paleo-highs and paleo-lows (Wright and Barnett,
2015; De Paula Faria et al., 2017).

Shrubstones and grainstones are facies formed during low-lake level conditions
whose have porosity and high permeability, comprehending the best hydrocarbon
reservoir rocks from the Upper Barra Velha Formation of the Santos Basin. Facies with
low porosity and low permeability such as mudstones are not good hydrocarbon
reservoirs and are supposed to be formed in high-lake level conditions (Wright & Barnett,
2015). The complexity of facies from the Barra Velha Formation comprises also another
lithologies such as spherulitestones, rudstones, packstones, travertines, dolostones, cherts,
and breccias (Wright and Barnett, 2015; Souza et al., 2018; Gomes et al., 2020; Carvalho
and Fernandes; 2021; Rebelo et al., 2023). Nevertheless, it is not just the facies that make
these carbonates so complex. The impacts of dissolution, silicification and dolomitization
events, among other diagenetic effects, are very significative. They modify the Barra
Velha carbonates from the moment of their deposition, going through several cycles of
alteration during burial (Herlinger et al., 2017; Lima and De Ros, 2019; Lima et al., 2020).
The depositional environment, with its unique characteristics of high alkalinity, high

concentration of silica and magnesium, and high evaporative conditions — together with
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the absence of good modern analogs for rift-to-sag lacustrine carbonates — also makes
difficult to understand the sedimentary dynamics, climate conditions, tectonic context,
water chemistry, and depositional predict ability of facies in the Aptian pre-salt (Carvalho

and Fernandes, 2021).

The chronology of the Barra Velha Formation is also a controverse subject as
Moreira et al. (2007) put the Upper Barra Velha Formation within the interval of 117 —
113 Ma and Lawson et al. (2022), based on direct U-Pb dating of carbonates from the
Upper Barra Velha Formation, suggest a depositional age of 115.8 + 1.6 (2s) Ma for this
unit. On the other hand, biostratigraphic and chemostratigraphic studies such as the one
from Tedeschi et al. (2017) place the top of the Barra Velha Formation below ~120 Ma
or below ~125 Ma, according to different age calibrations of Malinverno et al. (2010) or
Ogg et al. (2012) for the Aptian Ocean Anoxic Event (OAE 1a). Another study, from
Pietzsch et al. (2020), proposes an older Late Barremian alternative maximum
depositional age for the Barra Velha Formation carbonates. As such, the U-Pb dating of
the Barra Velha Formation constituents is essential to establish a chronology of events in

the pre-salt system.

Carbonate minerals such as calcite, dolomite, aragonite, and magnesite can be
crystallized in diagenetic, magmatic, sedimentary, metamorphic, and hydrothermal
processes. These minerals can accumulate uranium during their formation, making them
useful for U-Pb geochronology (Rasbury and Cole, 2009; Roberts et al., 2020). Unlike
carbonates, zircon is a mineral that is commonly used as a U-Pb chronometer because it
incorporates amounts of U at the site of Zirconium ion (Zr) and virtually no Pb during its
crystallization. This means that most of the Pb occurring in zircon crystals has a
radiogenic origin (Mezger and Krogstad, 1997; Montano, 2021). On the other hand, the
mechanisms for U and Pb incorporation and replacement in carbonates during deposition
and diagenesis are not well understood because they do not rely on determined partition
coefficients, but on a large number of phenomenological variables. These include trace
element availability, calcite growth rate, temperature, pH, Eh, pCO, and the Ca*"/CO; >
ratio in solution, ionic size, and U complexation (Roberts et al., 2021). Also, calcite is
typically low in U and rich in initial Pb, it is susceptible to alteration or recrystallization
at low temperatures in the presence of fluids, and allows Pb diffusion above moderate
temperatures (Cherniak, 1997). Hence, the process of carbonate formation can be

complex and long-lived (Rasbury & Cole, 2009). Then, the question, when it comes to
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carbonate dating, arises as to which geological event is being dated (Rasbury & Cole,

2009; Drost et al., 2019; Roberts et al., 2020).

The dating of carbonates has been carried out using isotope dilution (ID) thermal
ionization mass spectrometry (TIMS) or inductively coupled plasma mass spectrometry
(ICP-MS) (Smith and Farquhar, 1989; DeWolf and Halliday, 1991; Brannon et al., 1996;
Rasbury et al., 1997; Richards et al., 1998; Woodhead et al., 2006; Pickering et al., 2010).
In recent years, due to the advantage in terms of high spatial resolution and rapid data
acquisition, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
has become increasingly popular in carbonates in situ U-Pb dating, with a broad spectrum
of applications within the geosciences. These applications include the assessment of
tectonic events and fracturing (Hansman et al., 2018; Nuriel et al., 2019), the thermal
evolution of sedimentary basins (Mangenot et al., 2018; MacDonald et al., 2019;
Rochelle-Bates et al., 2022) and fluid-rock interactions (Li et al., 2014; Godeau et al.,
2018). In the pre-salt system, U-Pb dating of carbonates from Santos, Kwanza and
Namibe basins (Rochelle-Bates et al., 2021; Godeau et al., 2021; Rochelle-Bates et al.,
2022; Lawson et al., 2022) indicate a wide range of ages that have been interpreted to

different depositional, diagenetic, hydrothermal, tectonic and magmatic events.

The samples analyzed were from three wells of the Zeta field, located in the Santos
Basin's central part (Figure 1A-B). In one of these wells (B), located in the center of the
field, an almost continuous interval of ~ 200 m of the Upper Barra Velha Formation was
sampled. In this well, it is possible to observe not only the primary features of the rocks
as shrubs, spherulites, oncolites, and ostracods. Still, it is also possible to notice the
intense diagenesis affected these carbonates as revealed by silicification, dolomitization,
karstification, brecciation, and fracturing events. Another two wells were sampled and
analyzed, one at the northern part and another at the southern of the field. Those
comprehend smaller sampled intervals, with the northern well (C) comprehending ~ 30
m of a continuous interval of the Upper Barra Velha Formation, while the southern well

(A) comprises ~ 15 m of cored rocks from the Barra Velha Formation.

This work presents an integrated study of petrography, quantitative evaluation of
minerals by scanning electron microscopy (QEMSCAN) imaging, and in situ U-Pb
carbonate dating on samples from three Zeta field wells. Primary and secondary carbonate
constituents were dated after being identified and adequately characterized by
petrographic-QEMSCAN imaging study. We relate the age and formation of these rocks
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to the geological evolution of the Santos Basin, including syn-depositional and post-

depositional processes related to diagenetic, tectonic, magmatic, or hydrothermal events.
4.2 GEOLOGICAL SETTING

The Santos Basin formed during the breakup and extension of the Gondwana
supercontinent in the Early Cretaceous (~ 140-135 Ma) (Karner et al., 2021; Rangel et al.,
1994). Placed in the southeastern portion of the Brazilian Atlantic margin, the basin
covers an area of approximately 350,000 km?. It is limited to the south by the Pelotas
Basin through the Alto de Florian6polis and the northern part by the Campos Basin
through the Alto de Cabo Frio (Ariza Ferreira et al., 2019) (Figure 1A).

The Santos Basin is classified as a passive margin basin. It includes three primary
sequences: a synrift stage (Hauterivian to Late Barremian), in which the Camborit
Formation basalts mark the beginning of the rift phase and development of the economic
basement of the Santos Basin (Chang et al., 1992; Mohriak et al., 2008). With the gradual
evolution of the rift system, the Camboritu Formation was overlain by the fuvio-lacustrine
deposits of the Pigarras and Itapema Formations, which are dominated by sandstones,
siltstones and shales of talc-stevensitic composition and coquinas interlayered with shales,
respectively (Moreira et al., 2007). The thermal contraction of the crust resulted in the
subsidence and collapse of crustal domes, generating sag-type basins (Beasley et al.,
2010). The post-rift/sag interval is composed of Barremian-Aptian deposits of the Barra
Velha Formation, associated to highly saturated and alkaline lacustrine waters (Wright
and Barnett, 2015), and evaporites of the Ariri Formation that were deposited in a
paleogeographic scenario similar to a gulf with highly saline waters and negative
hydrological balance (Chang et al.,1992). A drift sequence comprises shallow-water shelf
carbonates and sandstones, and deep-water turbidites shales and sandstones (Moreira et

al., 2007; Gomes et al., 2012; Arienti et al., 2018; Neves et al., 2019).

The Upper Barra Velha Formation, the focus of this study, comprises three main
components and facies: (1) mud-grained laminated carbonates (mudstones); (2)
millimetric spherulites (spherulitestones); and (3) millimetric to centimetric shrub-shaped
particles (shrubstones). These constituents are often reworked, forming grainstones,
packstones, and rudstones. According to Wright and Barnett (2015), the mud, spherulites,
and shrubs occur in cyclic-pattern intervals with different thicknesses. The cycles, from

base to top, are comprehended by mud and mudstones, spherulites and spherulitestones,
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and shrubs and shrubstones. Basso et al. (2021) compiled elements from several studies
on the pre-salt carbonates and proposed a new cycle model similar to that from Wright
and Barnett (2015), but considering the reworked facies, with intraclastic grainstones and
packstones occurring in the middle part of the cycle, and with grainstones, rudstones and

shrubstones marking the top of the cycles.

The tectonic-sedimentary evolution of the Santos Basin pre-salt includes five
sequences (i.e. Camboriu Formation, Pigarras Formation, Ipanema Formation, Lower
Barra Velha Formation, and Upper Barra Velha Formation) separated by five
unconformities (i.e. basalt top, Pre-Jiquia (PJU), Pre-Alagoas (PAU), Intra-Alagoas
(IAU), and Salt Base (Moreira et al., 2007) (Figure 1C). The Pre-Alagoas Unconformity
separates the rift and post-rift-sag stages; the Intra-Alagoas Unconformity divides the
Barra Velha Formation into two depositional episodes (the Lower Barra Velha and the
Upper Bara Velha), whereas the salt base limits the top of the Upper Barra Velha
Formation (Moreira et al., 2007; Wright and Barnett., 2015).

4.2.1 Ages of Magmatism in the Santos Basin and Hydrothermalism in the
Pre-salt System

Magmatic events have been identified in the Santos Basin (Moreira et al., 2007;
Gomes et al., 2015; Oliveira et al., 2023). An older event named Camboriu (~130 Ma,
Moreira et al., 2007) is related to the rift stage. These rocks are contemporaneous with
Parané-Etendeka continental flood basalts and the Serra do Mar dike swarm in SE Brazil
(ca. 134 — 132 Ma, plagioclase and whole-rock “°Ar/*Ar ages; Guedes et al., 2005;
Thiede and Vasconcelos, 2010; Gomes and Vasconcelos, 2021). They are also coeval
with the 134 + 4 Ma Cabiunas basalts from the Campos basin (whole-rock, K—Ar ages;
Mizusaki et al., 1992).

The post-rift Barremian-Aptian tholeiitic basalts dated at 125.5 £ 0.7 Ma by
Rancan et al. (2018) are contemporaneous to the Barremian-Aptian age (127.4 £2.3 Ma)
basalts from the Kwanza Basin (Trittla et al., 2018). This Barremian-Aptian magmatism
of the Santos Basin is mostly associated with the Itapema Formation (Rancan et al., 2018).
The post-rift magmatism also includes alkaline and tholeiitic diabase dated between ~113
and ~120 Ma (Moreira et al., 2007): Tupi (~120 Ma), Parati (~115 Ma), and South of
Santos (~113 Ma) events. This Early Aptian magmatism of the Santos Basin is associated

with the Itapema and Barra Velha formations and, at a regional scale, with the Intra-
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Alagoas Unconformity (Ren et al., 2020). Recently, Hunt et al. (2021) mentioned a
younger magmatism than Parati, the post-Paraty Picinguaba Magmatic Event, occurring
in the Bacalhau field (Santos Basin), and Louback et al. (2023) reported tholeiitic basalt

ages varying from 116 to 109 Ma in the same area (Figure 1D).

The magmatic activity was accompanied by a widespread hydrothermal alteration
that affected basalts and the carbonate succession. Ages of hydrothermal alteration in the
pre-salt were dated in rocks from the Santos, Campos, and Kwanza basins. In the Santos
Basin, Rancan et al. (2018) obtained an “°Ar/*°Ar age of 114.3 + 1.1 Ma in a hydrothermal
alteration in a tholeiitic basalt. A younger *°Ar/*’Ar Eocene age of 49.9 + 0.45 Ma was
also obtained by Rancan et al. (2018) for an alteration in rocks from the Santonian-
Campanian alkaline suite. In the Campos Basin, hydrothermal (90-170°C) activity was
dated with adularia “°Ar/*’Ar ages of 107.0 + 1.0 — 104.3 + 0.8 Ma (Tritlla et al., 2018),
while in the Kwanza Basin, two ages of hydrothermal (c. 140°C) alteration in basalts were
obtained by Loma et al. (2018): an older “°Ar/*’Ar Late Aptian age of 114.5 = 2.9 Ma,
and a younger, also by *°Ar/*°Ar, mid-Albian age of 106.9 + 1.6 Ma (Figure 1E).

The Santos Basin has also been affected by a younger magmatism associated with
the drift stage: the Santonian-Campanian (ca. 82 Ma; *°Ar/*°Ar; Oreiro, 2006; Rancan et
al., 2018) and Eocene (ca. 49; “°Ar/°Ar; Dias et al.,, 1990; Rancan et al., 2018)
magmatisms. The Santonian-Campanian published ages of this magmatism are 82 + 1 Ma
(Szatmari, 2001) and 83.3 +£ 0.66 Ma — 72.4 + 4.9 Ma (Rancan et al., 2018). The Eocene
magmatism ages are of 48.9 Ma (Szatmari, 2001) and 41.06 = 0.02 Ma (1s) to 38.62 +
0.02 Ma (1s) (Louback et al., 2021). These drift-related magmatism comprises mostly
alkaline volcanic rocks within the post-salt sedimentary sequences and intrusive rocks

that cut the pre-salt sedimentary rocks (Moreira et al., 2006).
4.2.2 Ages of Carbonate Deposition and Diagenesis in the Pre-salt Basins

Carbonate ages from the pre-salt constituents were carried out by U-Pb dating
techniques such as LA-ICP-MS and ID-TIMS (Goudeau et al., 2021; Rochelle-Bates et
al., 2021; Lawson et al., 2022; Rochelle-Bates et al., 2022). Carbonate primary phases
from the Upper Barra Velha Formation dated by Rochelle-Bates et al. (2022) yielded ages
of 107.0 £27.2 Ma (2s) and 113.0 = 15.3 Ma (2s) for two samples of calcite shrubs. The
spherulitic calcites yielded ages of 107.6 £ 5.1 (2s) Ma and 77.0 = 11.2 Ma (2s). The

authors pooled the data from the older calcite population, obtaining an age of 114.0 +
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13.4 Ma (2s) for all analyzed shrubs and 106.9 + 4.3 Ma (2s) for all calcite analyses.
Dolomite phases were also analyzed by Rochelle-Bates et al. (2022), obtaining ages of
58.0 £ 4.6 Ma (2s) and 59.2 + 5.3 Ma (2s) for dolomite bridges and dolomite rhombs,
respectively. Lawson et al. (2022) also reported LA-ICP-MS U-Pb ages in carbonates
from the Upper Barra Velha Formation ranging from 114 + 4.7 Ma (2s) to 58.8 + 10.7
Ma (2s), and an ID-TIMS age of 115.83 £ 1.56 Ma (2s). They interpreted these ages as
non-depositional, except for the 115.83 = 1.56 Ma (2s), 114 +4.72 Ma (2s) and 109.73 +
9.26 Ma (2s) ages. Rochelle-Bates et al. (2021) reported younger calcite (86.2 + 2.4 Ma;
2s) and dolomite (56.8 = 4.8 Ma; 2s) veins in the Namibe basin. In the Kwanza Basin,
Godeau et al. (2021) reported ages of 112-110 Ma of calcite veins; 115 — 90 Ma for
pervasive thombohedral dolomites; 92 Ma for chalcedony-filling veins; and an age of
85.45 £9.5 Ma for vug calcites (Figure 1F). The data used for the Figure 1D-F is available

as supplementary material.
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Figure 1. (A) Location of the Zeta field in the central portion of the Santos Basin. The yellow polygon
represents the Pre-salt polygon, with the oil fields illustrated in magenta. In the northern part, the Santos
Basin is separated by the Campos Basin through the Cabo Frio High. In the south, the Florianopolis High
separates the Santos Basin from the Pelotas Basin. (B) Detail of the Zeta field, showing the distribution of
the three wells studied along the area. (C) Lower Cretaceous stratigraphic section of the Santos Basin
(adapted from Moreira et al., 2007). (D) Histogram of magmatism ages in the Santos Basin. (E) Histogram
of hydrothermal events ages in the Pre-salt system. (F) Histogram of depositional and diagenetic ages
recorded in the Pre-salt system. The data compiled from other studies are available in the supplementary

material (Rochelle-Bates et al., 2021; Rochelle-Bates et al., 2022; Lawson et al., 2022; Moreira et al., 2007,
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Szatmari & Milani, 2016; Trittla et al., 2018; Loma et al., 2018; Rancan et al., 2018; Louback et al., 2021;
Godeau et al., 2021; Rochelle-Bates et al., 2021; Louback et al., 2023; Gordon et al., 2023; Oliveira et al.,
2023).

4.3 DATA AND METHODS
4.3.1 Well Correlation

The well correlation was carried out considering the gamma ray log from the three
wells studied (A, B, and C; Figure 2). The correlation is important because the cores were
sampled at different parts of the Upper Barra Velha Formation For instance, in the well
B, ~ 200 m of an almost continuous interval of the Upper Barra Velha Fm were sampled;
in the well A, ~15 meters were sampled; and in the well C, ~ 30 m were sampled. So, for

comparison purposes, we should know if the sampled intervals correlate with each other.
4.3.2 Petrography

Thirty-four samples were collected from the three described and studied cores (A,
B and C). From these samples, thin sections with 120 um thickness were observed and
described using the microscope ZEISS Axioscope 5. Among these samples, fifteen were

selected for carbonate in situ U-Pb LA-ICP-MS analyses.
4.3.3 QEMSCAN Imaging

Detailed mineralogical maps were obtained using a Quanta FEI 650F coupled to
a scanning electron microscope with two energy-dispersive (EDS) detectors. We carbon-
coated the thin sections to generate 10 pm resolution maps and set the instrument to a 10
nA current and a 15 kV voltage. Mineralogical data for each mineral were presented as a
percentage of mass and surface area. Analyses were carried out at the QEMLab of the
University of Brasilia. The QEMSCAN images were beneficial for distinguishing
petrographic features and replacement relationships, including diagenetic changes of

primary constituents and cement.
4.3.4 U-Pb Carbonate Geochronology

U-Pb data were obtained at the Geochronology Laboratory at the University of
Brasilia, Brazil, using a Thermo Scientific Neptune XT sector-field ICP-MS coupled to
an 193 nm Teledyne Analyte Excite laser ablation system. The laser ablation system is
equipped with a HelEx II dual-volume chamber. The mass spectrometer was tuned to

improve U and Pb sensitivity while minimizing oxide production before each analytical
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session. 20 spots of 85 um were carried out in each analyzed phase. Each analysis
consisted of 10 s of background measurement followed by 20 seconds of sample
acquisition. Each mass (202, 204, 206-208, 232, 238) was measured simultaneously using
a combination of Faraday cups, Secondary Electron Multipliers (SEM) and Compact
Discrete Dynode Electron Multipliers (CDD) detectors. Laser conditions included a spot
diameter of 85 pm, 10 Hz, and 4.0 J cm™. Raw data was processed on Iolite 4.0 (Paton et
al., 2011) as time-resolved signal and individual signal inspection VizualAge tool (Petrus
and Kamber, 2012). Data reduction using UComPbine data reduction scheme (DRS)
accounts for variable initial lead on the primary calibrant (Chew et al., 2014). Corrections
included blank subtraction, downhole using an exponential plus linear model, and
normalization by the Walnut Canyon calcite (Roberts et al., 2017). The initial lead for
anchoring the data was 0.85 + 0.04 (Roberts et al., 2017). Barstow Formation calcite has
an age range of 14.8 £ 0.3 to 16.2 + 0.2 Ma (2s) (Cole et al., 2005; Rasbury and Cole,
2009) and was used for quality control. Excess variance on the primary calibrant was

propagated on each analytical point. No common lead correction was applied.

After data reduction, IsoplotR (Veermesch, 2018) was used to plot U-Pb data on
Tera—Wasserburg-type concordia plots. All ages are presented as lower intercept
238U/2%Pb ages that were anchored using the common lead composition (the initial
207pb/2%Pb value) of the respective analyzed constituent (Chew et al., 2014). Ages are
quoted at 2s absolute, and the goodness of fit is evaluated using the mean squared of
weighted deviation (MSWD). When the Concordia diagram is plotted in the IsoplotR,
two calculated uncertainties exist for the age result. For instance, the result appears this

way: age = X £y (] z), where x is the Concordia age (in Ma); y is the standard error of x

or the analytical uncertainty of x (at 2s); and z is the standard error of x multiplied by v~

MSWD to account for any overdispersion. We considered z as the uncertainty value that
is included in the uncertainty propagation by quadratic addition. Excess variance and age

uncertainty of reference material are propagated where appropriate.

Details about the methodology and dataset are available in the supplementary

material.

46



Well A Well B Well C

= T A
% Ariri Formation % | Ariri Formation ¢ | Ariri Formation
= 4 £
.................. ;u.. S b
- .
5100- £ 5000
>
o
b
&
o P
2] — —]
< 2 >
] Q=
> o E ©
© S 5100 £
= : o
©
5200+ o 5
— o -
g . o E
o E 2w
ouw
5200
5300
5300
5300
0 GR (gAP)) 150 150
Legend
1**"": Sampled intervalin :"""": Sampled interval in Salt base
.: the well A lassss the well B JAU
Correlation between sampled interval of the well A . ) .
with the upper sampled portion from the well B Stratigraphic position of
sample dated
Correlation between sampled interval of the well C
with the middle sampled portion from the well B o GR (gAPI) 150

Figure 2. Gamma ray well correlation between the three studied wells. The purple dashed polygon
represents the sampled portion form the well A. The red dashed polygon represents the sampled portion
from the well B. The blue dashed polygon represents the sampled portion from the well C. The orange
dashed line marks the salt base. The light blue dashed line marks the Intra-Alagoas Unconfomity. The lilac
polygon marks the correlation between the sampled part of the well A, which corresponds to ~15 m right
under the Lula mark, with the uppermost ~ 30 m sampled from the well B, that encompasses the same
portion. The blue polygon marks the correlation between the sampled part of the well C, which corresponds
to ~100 m — 140 m under the salt base, with the middle sampled part of the well B that probably
comprehends a similar interval. The red stars mark the stratigraphic position of the samples analyzed for

U-PDb dating.
4.4 RESULTS
4.4.1 Petrography

Samples from the Upper Barra Velha Formation (cores A, B and C) were
described as shrubstones, spherulitestones, grainstones, rudstones, dolostones and cherts.
Calcite primary constituents include particles of shrubs, spherulites, ostracods and peloids.
These constituents may be partially replaced by dolomite or silica. Primary dolomites

occur as laminae of microcrystalline and fine dolomite rhombs affected by silicification.
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The interparticle space is occupied by dolomite and silica secondary constituents with
different morphologies. We rarely observed calcite cements and remnants of the Mg-clay
matrix. There are no major petrographic and mineralogic difference among samples from
these wells. They all have well preserved constituents (e.g. shrubs and spherulites) and

diagenetic features such as silicification and dolomitization.
4.4.1.1 Facies

Shrubs-related facies are made essentially by particles of shrubs measuring from
a few millimeters to up to 3 cm long (Figure 3A). Shrubstones consist of layers dominated
by shrubs, exhibiting interparticle, intercrystalline, vuggy, and intraparticle pores, often
interlayered with laminated dolomitic layers. These rocks often display pervasive
dolomitization and silicification features, with rhombohedral dolomite and
microcrystalline silica partially replacing particles and filling pore spaces.
Macrocrystalline quartz also may fill the interparticle space and partially replace the
shrubs. Other diagenetic features include calcite and dolomite fringes coating the
particles; and blocky calcite, blocky dolomite, chalcedony and quartz filling intraparticle,

interparticle, and vuggy porosity.

The spherulite-related facies are dominated by spherulites particles. Dolomite and
silica occur as microcrystalline dolomite, fine rhombohedral dolomite, microcrystalline
silica, and chalcedony. Microcrystalline dolomite, also called bridge (Wright and Barnett,
2015) or lamellar (Sartorato, 2018), mimics the laminar habit of the Mg-clays and tend to
contour the spherulite particles (Figure 3B). Dolomite rhombs occupy the interparticle
space in this facies and may also replace the particles. Silica occurs as microcrystalline
aggregates and quartz crystals replacing spherulites and microcrystalline dolomite, and
may fill intraparticle and interparticle pores. Silicification and dolomitization also affects

pervasively the spherulitic facies.

Reworked-related facies include grainstones, rudstones and packstones. They are
formed by intraclasts of shrubs, spherulites, peloids, ostracods and chert, and may contain
basalt lithoclasts. These rocks have a high interparticle porosity in the absence of cement
(e.g. dolomite, silica, or calcite) (Figure 3C). Rhombohedral dolomite dominates as
dolomite cement, but saddle dolomite crystals rarely also fill interparticle pores. Silica
cement may occur as microcrystalline silica, chalcedony, microcrystalline, and

macrocrystalline quartz, filling interparticle and vuggy pores. It may also replace
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intraclasts. Calcite occurs as isopachous calcite cement and macrocrystalline mosaic

calcite.

Dolomitic rocks are formed by intense dolomitization that replaces matrix and
framework particles and fills pores, sometimes obliterating the original fabric of the rock.
They also may be formed by precipitation of primary dolomites marking the rock-
lamination (Figure 3D). The dolostones and rich-dolomite rocks consist of
microcrystalline to fine rhombohedral dolomite crystals, mostly anhedral and subhedral,
in which the intercrystalline space is low or absent. Dolomitic rocks often exhibit the
Planar-s texture described by Sibbley and Gregg (1987), in which most dolomite crystals
are subhedral to anhedral with straight, compromised boundaries and many crystal-face
junctions (Figure 3E). This rock has, in general, low porosity, low permeability, and low
intercrystalline matrix. Some dolomite-rich rocks are laminated, exhibiting soft-
deformation (Figure 3D), while others are massive. They may occur as massive dolostone
or as a rock supported by dolomite rhombs with remains of shrubs, spherulites, and ghosts

of intraclasts.

Cherts are pervasively silicified rocks that are composed almost entirely of silica
in different morphologies such as microcrystalline silica, microcrystalline quartz,
chalcedony, macrocrystalline quartz, and by carbonate particles of shrubs, spherulites,
peloids and dolomite phases that may be preserved. Silica minerals often obliterate the

original fabric of the rock, filling pores and replacing constituents (Figure 3F).
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Figure 3. (A) PPL photomicrograph of shrubstone with well-formed shrubs with the interparticle space
occupied by dolomite rhombs. Sample is 5129.45 from well C. (B) PPL photomicrograph of spherulitestone
with lamellar pseudomorphic microcrystalline dolomite and stratiform silicification. Sample is 5016.90
from well B. (C) PPL photomicrograph of grainstone with inteparticle porosity and formed by intraclasts
of spherulites, composite ooids, basalt lithoclasts, and chert lithoclasts. Sample is 5014.75 from well B. (D)
XP photomicrograph of laminated, soft-deformed and partially silicified dolostone formed by
microcrystalline and thombohedral dolomites. Sample is 5194.50 from well B. (E) PPL photomicrograph
of dolomite-supported rock composed by fine dolomite rthombs occupying the interparticle space and
replacing the framework constituents. Sample is 5124.60 from well C. (F) XP photomicrograph of a chert
with carbonate particles preserved. Microcrystalline silica occupies the interparticle space and replaces
particles. Macrocrystalline mosaic quartz fills vuggy pores. Sample is 5045.25 from well B. Bas: basalt;
Ch: chert; CO: composite ooid; Dol: dolomite; IC: intraclast; MD: microcrystalline dolomite; MMQ:
macrocrystalline mosaic quartz; MS: microcrystalline silica; LD: lamellar dolomite; Shr: shrub; Sph:

spherulite.

4.4.1.2 Diagenetic Features

Diagenetic features vary according to the facies. In fine-grained and low-porosity
facies, diagenetic modifications do not generate much porosity, but appear mostly as
replacement features. These features include secondary microcrystalline dolomite that
mimics the laminar habit of the Mg-clays, with this dolomite occurrence being frequently
denominated as lamellar dolomite or dolomite bridges (Wright and Barnett, 2015;
Tonietto et al., 2018). Fine to medium dolomite rhombs and microcrystalline silica
replacing the original matrix also occur. In terms of coarse-grained rocks such as
grainstones and shrubstones, they are porous, permeable rocks affected by dissolution,

pervasive silicification and pervasive dolomitization events.

Coarse-grained facies are more frequent among the studied samples. They exhibit
a variety of framework constituents, pore types, and diagenetic constituents. Eodiagenetic
dolomite occurs as microcrystalline pseudomorphic dolomite that replaces constituents
such as ostracods, composite ooid particles and Mg-clays, preserving the primary
lamination. Early dolomite also occurs as fine to medium rhombohedral dolomite crystals
that occupy the interparticle space by the replacement of a previous matrix or by the filling
of interparticle pores, and this dolomite morphology also replaces framework particles.
These early dolomites are partially replaced by microcrystalline silica and quartz (Figure
3B). Dolomitization often is pervasive, masking the original fabric of the rock by partially

replacing the matrix and framework components (Figure 3E).
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Eodiagenetic silicification also occurs as a pervasive phase. The earliest
microcrystalline diagenetic silica hides the original fabric of the rock, fills pore spaces,
and replaces constituents. Silicification also contributes on the formation of moldic pores
that remain open or are filled by microcrystalline silica, microcrystalline quartz,
chalcedony, and macrocrystalline quartz, with the microcrystalline silica to quartz
gradation occurring towards the center of the pore space. The center of the pore space

may be filled by later dolomite cements.

Later diagenetic phases are blocky dolomite, saddle dolomite, macrocrystalline
calcite, and macrocrystalline quartz. Blocky dolomite replaces dolomite rhombs and fills
intraparticle, vuggy, and interparticle pores. Saddle dolomite crystals are post-
silicification since they fill vuggy pores lined by macrocrystalline quartz in silicified
rocks. They may also fill intraparticle-fracture porosity. Macrocrystalline quartz is a late
diagenetic phase that fills vuggy, intraparticle pores and fracture porosity. QEMSCAN
images show that microcrystalline silica and quartz crystals replace diagenetic

constituents such as dolomite rhombs. They also show rare macrocrystalline calcite filling

vuggy and fracture-intraparticle pores (Figure 4A-D).

Figure 4. Coupled conventional petrographic study-QEMSCAN imaging to a better understanding of
diagenesis. (A-B) XP and QEMSCAM images of chert with carbonate particles preserved. It is possible to
notice that the quartz crystals are replacing dolomite thombs and calcite particles. Sample is 5020.10 from
well B. (C-D) PPL and QEMSCAN images of dolomitized grainstone with rhombohedral dolomite filling

pore spaces and replacing calcite paticles. Macrocrystalline mosaic calcite fills intraparticle-fracture
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porosity. Sample is 5100.75 from well A. Dol: dolomite; MC: macrocrystalline calcite; MS:

microcrystalline silica; Qz: quartz; Shr: shrub.

4.4.2 U-Pb Carbonate Geochronology

Ages of carbonate constituents from the Upper Barra Velha Formation were
determined in primary phases such as particles of shrubs, spherulites, peloids, ostracods,
and microcrystalline to fine dolomite rhombs. Data were also obtained in diagenetic
phases such as microcrystalline dolomite, thombohedral dolomite, lamellar dolomite,
blocky dolomite, and saddle dolomite. The ages of particles range from 124 +£ 5 Ma to 82
+ 6 Ma, with the U content varying from 0.2 ppm to 16.1 ppm. The common lead
composition ranges from 0.788 to 0.930 (Table 1). All Tera-Wasserburg concordia
diagrams displaying U-Pb ages and common 2°’Pb/?°Pb compositions are available in

the supplementary material.

Most primary particles fall within different age intervals. There is an older interval
with ages ranging between 124 + 5 Ma and 122 + 5 Ma. These are, respectively, a
microcrystalline dolomite with a U average value of 7.9 ppm, and a common Pb
composition of 0.788; and very fine dolomite rhombs with U average content of 3.7 ppm
and with a common Pb value of 0.820. Indeed, the high U content (an average value of
7.9 ppm) of the 124 + 5 Ma microcrystalline dolomite is an evidence of its primary nature.
An intermediate age interval of calciferous primary particles varies from a 116 + 4 Ma
peloid to a 110 + 4 Ma shrub. The highest U concentration (an average value of 16.9 ppm)
of the particles within this intermediate age interval is from a 112 £ 3 Ma shrub with a
commom Pb value of 0.810; while the lowest U average value (1.1 ppm) is recorded in
the 110 + 4 Ma shrub that has a common Pb composition of 0.850. A younger interval
exhibit ages ranging from 105 + 3 Ma to 82 + 6 Ma. The former is a shrub with a U
average value of 1.8 ppm and a common Pb composition of 0.870, while the youngest
primary particle is a shrub that has an average U content of 0.6 ppm and a common Pb

value of 0.858 (Table 1; Figure 5).

Regarding the ages, U values, and common Pb composition of other calciferous
primary particles, there is the 116 + 4 Ma peloid. It has an average U content of 3.4 ppm
and a common Pb composition of 0.833. In turn, there is a low U (0.5 ppm) spherulite
with an age of 100 + 5 Ma and a common Pb value of 0.840. A high U (5.0 ppm) spherulite

yielded an age of 100 + 3 Ma and has a common Pb composition of 0.890. An ostracod
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valve made of calcite with an age of 114 = 3 Ma has an average U value of 2.1 ppm and

a common Pb composition of 0.843 (Table 1).

There seems to exist a relationship between ages and the studied wells, i.e. a
spatial relation of the ages. For example, U-Pb ages of calciferous primary constituents
from well B fall between 105 + 3 Ma and 99 + 7 Ma. Otherwise, the ages of calciferous
primary constituents from well C are older, varying between 116 +4 Ma and 110 + 4 Ma.
A majority of primary constituents from well A did not yield reliable results, except for a
spherulite and a shrub that gave younger ages of 100 £ 5 Ma and 82 + 6 Ma like occurs
in the well B. When comparing similar particles in each core, it is also noticeable that
constituents from core A display low U values (an average of 0.6 ppm) than constituents

from cores B and C (average values of 2.3 ppm and 3.4 ppm, respectively) (Table 1).

Table 1. U-Pb age data acquired in the Upper Barra Velha Formation carbonates from the Santos Basin.

Well Sample depth  Depth from Age +2s (*’Pb/?*Pb), Uppm Constituent

(m) top BV (m) (Ma) (avg.)
A 5090.95 18.95 123 4 0.840 1.0 Rhombohedral dolomite
A 5090.95 18.95 100 5 0.840 0.5 Spherulite
A 5099.05 27.05 82 6 0.858 0.6  Shrub
A 5100.75 28.75 108 5 0.852 0.2 Rhombohedral dolomite
B 5015.10 8.10 99 7 0.907 0.2  Shrub
B 5015.10 8.10 109 4 0.891 0.9 Microcrystalline dolomite
B 5016.90 9.90 117 3 0.880 1.5 Lamellar Dolomite
B 5020.10 13.10 112 7 0.870 1.1 Rhombohedral dolomite
B 5020.10 13.10 97 4 0.930 1.2 Saddle dolomite
B 5049.95 42.95 99 6 0.880 0.3 Pseudomorphic dolomite
B 5049.95 42.95 104 5 0.880 0.4 Lamellar Dolomite
B 5133.95 126.95 105 3 0.870 1.8 Shrub
B 5144.00 137.00 100 3 0.890 5.0 Spherulite
B 5144.00 137.00 109 3 0.880 4.0  Rhombohedral dolomite
B 5194.50 187.50 124 5 0.788 7.9 Microcrystalline dolomite
B 5194.50 187.50 122 5 0.820 3.7 Rhombohedral dolomite
C 5113.00 113.00 114 3 0.843 2.1 Ostracod
C 5113.00 113.00 113 3 0.850 2.7 Shrub
C 5113.00 113.00 99 4 0.870 0.3 Blocky dolomite
C 5118.95 118.95 110 4 0.850 1.1 Shrub
C 5118.95 118.95 100 3 0.840 2.3 Rhombohedral dolomite
C 5124.60 124.60 112 3 0.810 16.1  Shrub
C 5124.60 124.60 95 4 0.830 4.0 Rhombohedral dolomite
C 5124.60 124.60 97 5 0.850 0.6 Saddle dolomite
C 5127.90 127.90 115 5 0.850 1.3 Shrub
C 5132.50 132.50 116 4 0.833 3.4 Peloid

BV: Barra Velha; 2s: confidence interval; (2*’Pb/?%Pb).: common lead composition; avg: average value
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Figure 5. Analyzed primary constituents and their respective Tera-Wasserbung concordia diagram ages. A)
Tera-Wasserburg concordia diagram showing 2¥U/2%Pb versus 2°Pb/?°Pb data of microcrystalline
dolomite. (B) Tera-Wasserburg concordia plots showing 23¥U/?%Pb versus 2°’Pb/?°°Pb data of rhombohedral
dolomite. (C) PPL photomicrograph and QEMSCAN image of laminated dolostone formed by
microcrystalline and rhombohedral dolomites. Sample is 5194.50 from well B. (D) Tera-Wasserburg
concordia diagram showing 28U/2%Pb versus 2°’Pb/?*Pb data of a peloid. (E) XP photomicrograph of
analyzed peloid particle in the midst of microcrystalline silica. Sample is 5132.50 from well C. (F)
QEMSCAN image of figure in (E) highlighting the calcite peloid partially replaced by silica. (G) Tera-
Wasserburg concordia diagram showing 2*8U/?°°Pb versus 2’Pb/2%Pb data of a particle of shrub. (H) PPL
photomicrograph of a shrub particle in a silicified rudstone. Sample is 5127.90 from well C. (I) QEMSCAN
image of figure in (H) highlighting calcite composition of shrub and the surrounding silica partially
replacing the particle. (J) Tera-Wasserburg concordia diagram showing 23¥U/2%Pb versus 2’Pb/?Pb data
of ostracod particles. (K) PPL photomicrograph of analyzed ostracod particles. Sample is 5113.00 from
well C. (L) QEMSCAN image of figure in (K) highlighting the calcite composition of the ostracod. (M)
Tera-Wasserburg concordia diagram showing 233U/2%Pb versus 2°’Pb/?%Pb data of a shrub particle (N) PPL
photomicrograph of a shrub particle in a dolomitized grainstone Sample is 5118.95 from well C. (O)
QEMSCAN image of figure in (N) highlighting the calcite composition of the shrub particle, the
surrounding dolomite cement and a few silica partially replacing calcite particles. (P) Tera-Wasseburg
concordia diagram showing 2**U/2%Pb versus 2°’Pb/?%Pb data of a shrub particle. (Q) XP photomicrograph
of a silicified shrubstone. Sample is 5133.95 from well B. (R) QEMSCAN image of figure in (Q)
highlighting the calcite composition of a shrub particle and the surrounding silica partially replacing
particles of shrubs. (S) Tera-Wasserburg concordia diagram showing 2*¥U/2%Pb versus 20’Pb/?%Pb data of
shrub particles. (T) PPL photomicrograph of a shrub particle in a silicified rudstone. Samples is 5099.05
from well A. (U) QEMSCAN image of figure in (T) highlighting the calcite shrub particle partially replaced
by silica. Quoted age uncertainty includes propagated systematic uncertainties. Datapoint error ellipses are
2s. MSWD, mean squared weighted deviation. (Pb¥*)c is (?*’Pb/2%Pb)., known as common lead composition.
Red circles represent analytical spots made on the particles. Dol: dolomite; MD: microcrystalline dolomite;
MMQ: macrocrystalline mosaic quarz; MS: microcrystalline silica; Os: ostracod; Pel: peloid; SD: saddle

dolomite; Shr: shrub.

U-Pb dating revealed at least three main age intervals for secondary dolomites
(Figure 6). The oldest secondary dolomites (123 + 4 Ma) occur as fine dolomite rhombs
occupying the interparticle space and partially replacing younger spherulites in a
spherulitestone. It has an average U content of 1.0 ppm and a common Pb composition of
0.840. An intermediate dolomite generation has an age range of 117 +3 Mato 108 £ 5
Ma. This generation of dolomites is formed by 117 £ 3 Ma pseudomorphic
microcrystalline lamellar dolomite that replaced Mg-clays and outlines spherulite
particles, being partially replaced by microcrystalline silica (Figure 6A-C). This lamellar

dolomite has an average U content of 1.5 ppm and a common Pb value of 0.880. Fine
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dolomite rhombs widely distributed in the sample, pervasively replacing constituents and
filling pores mostly in grainstones and rudstones (6D-G) have ages from 112 + 7 Ma to
108 = 5 Ma. Their average U contents vary from 0.2 ppm to 4.0 ppm, and their common
Pb values range from 0.852 to 0.880. Within this age interval (117 =3 Mato 108 £ 5 Ma),
there are stratiform dolomite occurrences intercalated with layers of younger shrubs and
spherulites. These latter dolomites have ages of 109 +£ 4 Ma and 109 + 3 Ma. The former
is a microcrystalline dolomite with an average U content of 0.9 ppm and a common Pb
value of 0.891, while the latter has an average U value of 4.0 ppm and a common Pb
composition of 0.880. It is worth mentioning that the 123 + 4 Ma, 109 + 4 Ma and 109 +
3 Ma dolomites intercalated with younger spherulites and shrubs represent a curious

feature and will be discussed in detail further (in the section 5.2; Figure 9).

A younger dolomite generation occurs in three main morphologies: (1) as blocky
and saddle dolomites; (2) as pseudomorphic microcrystalline dolomites; and (3) as
pervasive dolomite rhombs similar to those from the second dolomite generation (Figure

6).

Blocky and saddle dolomites fill vuggy, fracture and interparticle pores, showing
ages from 99 + 4 Ma — 97 + 4 Ma. The 99 + 4 Ma blocky dolomite has a U average value
of 0.3 ppm and a common Pb value of 0.870. There are two occurrences of saddle
dolomite. They exhibit ages of 97 + 5 Ma and 97 + 4 Ma, with average U values from 0.6
ppm to 1.2 ppm, and common Pb composition ranging from 0.850 to 0.930 (Figure 6H-
J; 6N-O). The 97 £ 4 Ma is a post-silicification phase that places an age limit for a

silicification event in the Upper Barra Velha Formation

Microcrystalline pseudomorphic dolomites from the same sample yielded ages
from 104 + 5 Ma to 99 + 6 Ma. The 104 + 5 Ma microcrystalline dolomite is a lamellar
dolomite that mimics the lamination of previous Mg-clays. It has an average U value of
0.3 ppm and a common Pb composition of 0.880 (Figure 7A-C). The 99 + 6 Ma
microcrystalline pseudomorphic dolomite that replaces and mimics ostracod valves has
an average U content of 0.3 ppm and a common Pb value of 0.880 (Figure 7A, B, D). As
these pseudomorphic microcrystalline dolomites probably represent the same
dolomitization event considering petrographic and geochemical criteria (for instance,
these two dolomite occurrences have the same 2*’Pb/?Pb value of 0.880), an integration
of their data was made, resulting in a pooled age of 103 + 5 Ma. This pooled data exhibits

an average U value of 0.3 ppm and a common Pb composition of 0.880 (Figure 7E).
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The younger pervasive fine rhombohedral dolomites yielded ages of 100 + 3 Ma
and 95 + 4 Ma (Figure 6L-M). Their average U value ranges from 2.3 ppm to 4.0 ppm,

and their common Pb composition varies from 0.830 to 0.840.
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Figure 6. (A) Tera-Wasserburg concordia plots showing 2¥U/%%Pb versus 2°’Pb/?*Pb data for

microcrystalline lamellar dolomite. (B) PPL photomicrograph of microcrystalline lamellar dolomite
contouring spherulite particles in a spherulitestone. Sample is 5016.90 from well B. (C) QEMSCAN image
of figure in (B) highlighting silicification in the dolomite-rich sample. (D) Tera-Wasserburg concordia
diagram showing 238U/?%Pb versus 2°’Pb/?%°Pb data of rhombohedral dolomite. (E) PPL photomicrograph
of grainstone affected by pervasive dolomitization, with rhombohedral dolomite crystals filling pores and
partially replacing particles. Sample is 5020.10 from well B. (F) Tera-Wasserburg concordia diagram
showing 28U/2%Pb versus 2Y7Pb/?%Pb data of rhombohedral dolomite. (G) PPL photomicrograph of
grainstone affected by pervasive dolomitization, with rhombohedral dolomite crystals filling pores and
partially replacing particles. Sample is 5100.75 from well A. (H) Tera-Wasserburg concordia diagram
showing 238U/2%Pb versus 2’Pb/?%Pb data of blocky dolomite cement. (I) PPL photomicrograph of blocky
dolomite cement filling vuggy and intraparticle porosities. Sample is 5113.00 from well C. (J) Tera-
Wasserburg concordia diagram showing 2*3U/2%Pb versus 2’Pb/?*Pb data of saddle dolomite cement. (K)
PPL photomimcrograph of saddle dolomite filling intraparticle fracture porosity in a grainstone. Sample is

5124.60 from the well C. (L) Tera-Wasserburg concordia diagram showing 233U/?%Pb versus 2°’Pb/>*Pb
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data of rhombohedral dolomite. (M) PPL photomicrograph of grainstone affected by pervasive
dolomitization, with rhombohedral dolomite crystals filling pores and partially replacing particles. Sample
is 5124.60 from the well C. (N) Tera-Wasserburg concordia diagram showing 2*¥U/?%Pb versus 2°’Pb/?°°Pb
data of saddle dolomite cement. (O) PPL photomicrograph of silicified and dolomitizes grainstone with
saddle dolomite crystals filling the center of vuggy pores lined by quartz crystals. Sample is 5020.10 from
the well B. Quoted age uncertainty includes propagated systematic uncertainties. Datapoint error ellipses
are 2s. MSWD, mean squared weighted deviation. (Pb*)c is (**’Pb/?%Pb)., known as common lead
composition. Red, green an white circles represent analytical spots made on the particles. BD: blocky

dolomite; Dol: dolomite; LD: lamellar dolomite; MD: microcrystalline dolomite.
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Figure 7. Microcrystalline pseudomorphic dolomites. (A) PPL photomicrograph of the sample where the
microcrystalline pseudomorphic dolomites occur. Sample is 5049.95 from the well B. (B) QEMSCAN
image from figure in (A). (C) Tera-Wasserburg concordia diagram showing 23¥U/2%Pb versus 2°’Pb/?°°Pb
data of microcrystalline pseudomorphic lamellar dolomite. (D). Tera-Wasserburg concordia diagram
showing 23¥U/2%Pb versus 2°’Pb/?°Pb data of the microcrystalline pseudomorphic dolomite that replaced
ostracod particles. (E) Tera-Wasserburg concordia plots showing 2*¥U/?%Pb versus 2’Pb/?’°Pb data of the
pooled data from these microcrystalline pseudomorphic dolomites, since they all occur in the same sample
and have the same (?“’Pb/?*Pb). value. Datapoint error ellipses are 2s. MSWD, mean squared weighted
deviation. (Pb*)c is (**’Pb/?%°Pb),, known as common lead composition. LD: lamellar dolomite; Os:

ostracod.

4.5 DISCUSSION

Reported U-Pb ages for the Upper Barra Velha Formation and its chrono-
correlated Kwanza and Namibe pre-salt carbonates have a wide age range (between
115.83 £ 1.56 to 56.8 = 4.8 Ma; 2s) (Rochelle-Bates et al., 2021; Godeau et al., 2021;
Rochelle-Bates et al., 2022; Lawson et al., 2022). These ages may mark either

depositional or post-depositional events. For instance, only a few age data of the Upper
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Barra Velha Formation are interpreted as related to carbonate deposition (Lawson et al.,
2022). Most age data are interpreted as related to post-sedimentary processes, such as
magmatic and hydrothermal events that range in time from 116 Ma to 38 Ma (Moreira et
al., 2007; Szatmari and Milani, 2016; Trittla et al., 2018; Loma et al., 2018; Rancan et al.,
2018; Louback et al., 2021; Godeau et al., 2021; Rochelle-Bates et al., 2021; Louback et
al., 2023; Gordon et al., 2023; Oliveira et al., 2023). Even well-preserved primary
particles with no clear evidence of recrystallization or diagenetic imprints may yield a
non-depositional age (Rochelle-Bates et al., 2022). Compared to U-Pb dating of silicate-
bearing minerals such as zircons, carbonates are more susceptible to post-crystallization
changes and may not record primary depositional ages (Jones et al., 1995; Kelly et al.,

2003; Li et al., 2014; Roberts et al., 2020a).

Figure 8 compares U-Pb ages obtained in our study with published age data on
primary carbonates, carbonates related to hydrothermal events, and igneous activity from
the Santos (Moreira et al., 2007; Szatmari & Milani, 2016; Rancan et al., 2018; Louback
et al., 2021; Rochelle-Bates et al., 2022; Lawson et al., 2022; Louback et al., 2023;
Gordon et al., 2023; Oliveira et al., 2023), Campos (Trittla et al., 2018), Kwanza (Loma
et al., 2018; Godeau et al., 2021), and Namibe (Rochelle-Bates et al., 2021) basins. It
reveals that carbonate ages (Figure 8C-D) and magmatic and hydrothermal events (Figure
8 A-B) are related. It also reveals that the main magmatic age peak falls between 105 Ma
and 130 Ma. It further shows that the ages of primary and hydrothermal carbonates,
including our data, are contemporaneous or younger than the main peak of magmatism
and contemporaneous with hydrothermal events. The ~124 Ma carbonates from our study
also correlate with the 120-130 Ma magmatism peak. Figure 8E shows, with smoother
KDE curves than the KDE curves from figures 8A-D, how the ages of carbonate
precipitation and diagenesis are within the age range of magmatic and hydrothermal
events. Compared to previously published age data, carbonates from our study are mostly
Barremian to Albian in age and do not display ages younger than 70 Ma (Figure 8A-E).
The wide age range of our data allows for raising questions regarding the preservation of
primary age data. For instance, regarding the primary carbonate constituents, what
explains their age differences? Is there any regional control on age distribution? What are
the relationship among ages and hydrothermal alteration and sedimentary facies?
Regarding secondary phases, what are their time constraint and what geological events

they are related to?
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Figure 8. (A) Kernel Density Estimation (KDE) curve and histogram ages of magmatic event in the Santos
Basin. (B) KDE curve and histogram ages of hydrothermalism events recorded in Santos, Campos, Kwanza
and Namibe basins. (C) KDE curve and histogram ages of depositional and diagenetic events in the pre-
salt section of Santos, Kwanza and Namibe basins (literature data). (D) KDE curve and histogram ages of
depositional and diagenetic events in the Upper Barra Velha Formation (our data). The histogram binwidth
is 10 and the kernel bandwidth is 1.5 for figures A, B, C, D. (E) Summary chronology of the Upper Barra
Velha Formation carbonates and related magmatic, hydrothermal, and sedimentary events in the Santos
Basin and other pre-salt basins (e.g., Campos, Kwanza and Namibe basins). The figure shows the
relationship between the Barra Velha Formation carbonates ages with those of magmatic and hydrothermal
events that affected the pre-salt. Kernel bandwidth is 5. Our data and compilation from other studies are
available in the supplementary material (Rochelle-Bates et al., 2021; Rochelle-Bates et al., 2022; Lawson
et al., 2022; Moreira et al., 2007; Szatmari & Milani, 2016; Trittla et al., 2018; Loma et al., 2018; Rancan
et al., 2018; Louback et al., 2021; Godeau et al., 2021; Rochelle-Bates et al., 2021; Louback et al., 2023;
Gordon et al., 2023; Oliveira et al., 2023).

4.5.1 Ages of Primary Carbonate Constituents

In our study, most preserved sedimentary rocks include shrubstones,
spherulitestones, grainstones, and even laminated microcrystalline dolostones. Because
of the superposed diagenetic and hydrothermal events, we may not have preserved a
pristine carbonate rock. For instance, the coarse-grained facies like shrubstones,
spherulitestones, grainstones occur at the upper part of depositional cycles (Wright &
Barnett, 2015; Basso et al., 2021). These rocks are often porous and permeable, being the
pore space occupied by dolomite and silica (Figure 3D-E, Figure 4C). Despite the
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secondary mineralogy of the pore space, the framework particles made of calcite
commonly display a good preservation under the microscope. In contrast, the laminated
fine-grained dolostones made of microcrystalline dolomite and fine-grained dolomite
rhombs usually occur at the base of sedimentary cycles, which are made of less porous
and permeable rocks (Wright & Barnett, 2015; Basso et al., 2021). We contend that fluid-
rock interaction was mainly controlled by fabric features, such as mineralogy, porosity,
and permeability. For instance, we argue that the microcrystalline dolostone displays
older age values because of its low permeability and porosity, thus preventing fluid-rock
interaction. Furthermore, its dolomitic composition was less reactive with the percolating
fluids than the calcite counterparts. In contrast, permeable and porous carbonate facies,
like shrubstones and spherulitestones, were more susceptible to post-sedimentary
processes, including interaction with early diagenetic fluids and hydrothermal events.
These facies were more susceptible to post-depositional alteration such as the ~116 Ma
basaltic magmatism intrusive in the pre-salt carbonates (Louback et al., 2023), the ~114
Ma hydrothermal alteration in the pre-salt rocks (Rancan et al., 2018), and the regional
pervasive post-depositional hydrothermal alteration at ~105/100 Ma that significantly
affected the pre-salt carbonate U-Pb system.

Our oldest ages in primary constituents were obtained in a microcrystalline
dolomite (124 + 5 Ma) and in fine dolomite rhombohedral crystals (122 + 5 Ma). They
occur in the same laminated fine-grained dolostone sample and are both related to primary
dolomite precipitation or early diagenetic features that replace the previous Mg-clays,
preserving the lamination of the rock. Indeed, since this dolostone exhibit no evidence of
any precursor mineralogy or residual textures in petrographic and QEMSCAN
observations, we suggest a primary origin rather than a diagenetic origin for these
dolomites. In addition, their laminated texture and soft-deformation indicate syn-

sedimentary precipitation instead of burial replacement (Figure 3D; Figure SA-C).

These primary dolomites have ages close to the pre-Aptian sedimentation age (~
120 Ma or ~ 125-128 Ma) of the Upper Barra Velha Formation as suggested by Tedeschi
et al. (2017) and Pietzsch et al. (2020). The microcrystalline and fine-grained dolomite
rhombs, due to their low porosity and permeability, may have prevented fluid percolation
and fluid-rock interaction. Thus, these fine dolomites maintained their pristine U-Pb
isotopic composition and ages, with well-regressed concordia diagrams that are typical

of primary carbonates (Rasbury & Cole, 2009). Hence, they are the first direct U-Pb
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Barremian ages of the Upper Barra Velha Formation carbonates. Primary dolomites,
although infrequent, often form in lakes and lagoons (Mehmood et al., 2018). Yang et al.
(2021), in turn, showed that primary dolomites can be precipitated rapidly in free
suspension from hydrothermal fluids vented into the base of the lake. Also, other studies
describe primary high-temperature dolomites formed within lacustrine basins during
periods of very active volcanism associated with rifting during the Mesozoic (e.g.,
Jiuquan Basin; Wen et al., 2014). Likewise, the 124 = 5 Ma and 122 + 5 Ma primary
dolomites from the Upper Barra Velha Formation may have their genesis related to the
125.5 £ 0.7 Ma age tholeiitic magmatic event dated by Rancan et al. (2018). This
magmatism is associated with hydrothermal vents and fumaroles at the bottom of the lake,
hence influencing the sedimentary deposition and the laminated pattern of dolomites
(Rancan et al., 2018; Oliveira et al., 2019; Oliveira et al., 2023). Also, according to
Moulin et al. (2012), the oldest oceanic spreading and plate rotation for the configuration
of the Santos Basin happened at 127.5 Ma and 125 Ma, which formed open spaces for
fluid circulation. In consequence, the combination of high heat flux and fluid circulation
in a continental setting may have allowed Mg-rich brines to reach the lacustrine

environment, inducing dolomite precipitation.

In our study, calcite primary particles like shrubs, spherulites, ostracods, and
peloids, yielded ages ranging from 116 + 4 Ma to 82 + 6 Ma. When examined under the
petrographic microscope, these particles seem to preserve their primary depositional
features, including calcite mineralogy and the absence of diagenetic overprints. The older
ages (ranging from 116 + 4 Ma to 110 + 4 Ma) were observed on samples collected from
well C. Among the dated particles, an ostracod valve made of calcite in a coarse-grained
and porous shrubstone provided a statistically robust (i.e., well-regressed) lower intercept
U-Pb age of 114 + 3 Ma (Figure 5J-L). This carbonate particle initially incorporated high
and variable amounts of U and low, homogeneous levels of Pb, known as common Pb.
Furthermore, it has no evidence of strong post-depositional diagenetic modifications,
which commonly affects the age of carbonate rocks (Rasbury & Cole, 2009). Thus, based
on petrography, mineralogy, and our U-Pb data, we contend that the age of these ostracods
and similar calciferous particles represent an early diagenetic age of the Upper Barra
Velha Formation carbonates. Despite the age range of these older calciferous primary
constituents (116 =4 Ma - 110 + 4 Ma) being within the depositional interval of primary
particles proposed by Moreira et al. (2007) and Lawson et al. (2022), including an ID-
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TIMS depositional age of 115.83 = 1.56 Ma (2s) for the Upper Barra Velha Formation
(Lawson et al., 2022), the studied particles occur in porous and permeable shrubstones,
grainstones and rudstones (Figure 5) that had been modified by post-sedimentary fluids
contemporaneous to the 116 Ma basaltic magmatism dated by Louback et al. (2023) and
the 114 Ma hydrothermal alteration dated by Rancan et al. (2018).

In contrast to well C, calciferous primary particles from wells B and A display
younger U-Pb ages. For instance, calcite samples from well B exhibit U-Pb ages ranging
from 105 = 3 Ma to 99 + 7 Ma. Similarly, well A also displays U-Pb ages as young as
100 £ 5 Ma and 82 + 6 Ma (Figure 5). As illustrated in Figure 2, the uppermost samples
from cores B and A are within the same stratigraphic interval of the Upper Barra Velha
Formation, thus reinforcing the similar age data. However, the middle section of the core
B, despite being correlated with core C, exhibits younger U-Pb age data. The age of
primary particles along core B is quite homogenous, suggesting that their ages were
affected by a pervasive interaction with post-depositional fluids. Since both B and A cores
exhibit younger ages that overlap magmatic and hydrothermal events in the pre-salt, we
suggest that a heat source near these two cores was probably the main drive of the
hydrothermal system that affected these cores at ~105/100 Ma. The core C, in turn,
located in the north of the Zeta high, seemed not to be disturbed by this ~105/100 Ma
hydrothermal event, preserving its older 116 + 4 Ma to 110 + 4 Ma ages.

Our primary age data for cores B and A are within the same range as those reported
by Rochelle-Bates et al. (2022) for shrubs and spherulites in the Upper Barra Velha
Formation (106.9 + 4.3 Ma). These authors also interpreted this age as reflecting a
diagenetic replacement of the U-Pb system. They attribute the recrystallization of
particles to fluid-flow events and a spike in heat-flow during the onset—early stages of the
post-rift. In another study, Tritlla et al. (2018) dated at 107.0 + 1.0 to 104.3 = 0.8 Ma by
“0Ar/*? Ar a hydrothermal adularia formed at 90—170°C from the Campos Basin pre-salt.
In the pre-salt section of the Kwanza Basin, Loma et al. (2018) reported a hydrothermal
basalt alteration at 106.9 + 1.6 Ma (**Ar/*°Ar). According to Godeau et al. (2021), a
significant heat event occurred at ~ 104 Ma Kwanza Basin, possibly followed by a second
event at ~85 Ma. These post-rift high thermal regimes drove hot fluid circulations
associated with a significant transform fault corridor. Likewise, Lima et al. (2020)
proposed a hydrothermal alteration model for the Macabu Formation, pre-salt of the

Campos Basin. They suggested that the faults and horizontal permeability of the
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carbonates contributed to the circulation of hydrothermal fluids. In most instances, these
young primary particles lack evidence of recrystallization and diagenetic overprint, as
revealed by petrographic observations. However, Zuddas et al. (2018) detected that a
nanoscale stress-induced fluid-migration may occur in calcite crystals, affecting the
physical properties of particle and rocks. These authors also noticed that the mobility of
fluids at the micro-nano scale in calcite crystals is enhanced at higher temperatures, such
as the burial diagenesis temperatures that the Upper Barra Velha Formation carbonates
were subject to (45 + 5 °C - 91 £ 8 °C; Lawson et al., 2022). Hosa et al. (2020), in turn,
observed that shrubs morphologies may favor fluid flow because of their high porosity

and permeability.
4.5.2 Secondary Dolomites Ages, Morphologies and Their Geologic Contexts

The secondary dolomites covered in this section exhibit ages between 123 +4 Ma
and 95 + 4 Ma. They occur as microcrystalline pseudomorphic lamellar dolomites,
microcrystalline pseudomorphic dolomites, rhombohedral pervasive dolomites, blocky
dolomite and saddle dolomites. They may be divided into pre-silicification dolomites and

post-silicification dolomites.

Pre-silicification secondary dolomites exhibit an age range of 123 +4 Ma - 99 +
6 Ma. The oldest of these dolomites appear as 123 + 4 Ma fine rhombohedral dolomites
that are intercalated with younger spherulites whose age is of 100 + 5 Ma; andasa 117 +
3 Ma microcrystalline pseudomorphic lamellar dolomite. These dolomites are interpreted
as eodiagenetic replacement phases that substitute Mg-clays and spherulites in
spherulitestones (Figure 6A-C; Figure 9A-C). Another pre-silicification secondary
dolomites occur as pervasive rhombohedral dolomites that replace particles and fill pore
spaces in shrubstones, grainstones and rudstones, with ages ranging from 112 = 7 Ma to
108 = 5 Ma. Also, there are microcrystalline and fine rhombohedral dolomites within
laminated dolomitic layers that yielded ages of 109 + 4 Ma, and 109 + 3 Ma. These later
~109 Ma dolomitic layers are interlayered with younger spherulites and shrubs whose
ages are of 99 £ 7 Ma and 100 + 3 Ma, respectively (Figure 9D-F). The existence of
dolomites with older ages than shrubs and spherulites ages is a curious result because, in
these samples, dolomites are interpreted as early diagenetic phases formed later than the
spherulites and shrubs, replacing them and filling pore spaces in the sample (Figure 9).

Somehow, this is in accordance with the U-Pb post-depositional replacement observed in
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primary calcite particles and the preservation of pristine ages in low-porous, low-
permeable, and less reactive dolomitic aggregates. The youngest pre-silicification
dolomites occur a pseudomorphic microcrystalline dolomites that replaced Mg-clays and
ostracod particles. Since these dolomites show the same 2°’Pb/?**Pb composition of 0.880,
we integrate their U-Pb data, which resulted in a pooled age of 103 = 5 Ma (Figure 7).
These pre-silicification microcrystalline and rhombohedral dolomites are partially
replaced by silica phases (Figure 6A-B; Figure 7A-B; Figure 9C-D; Figure 9K-L). We
contend that the association of these dolomites with more porous and permeable facies
can be related to the percolation of magnesium-rich fluids. For example, Lima et al.
(2020) suggested that faults and the horizontal permeability of the carbonates contributed
to the circulation of hydrothermal fluids in the Macabu Formation. This interpretation is
supported by the age interval of these dolomites, falling within the age range (116 Ma —
109 Ma) of the Aptian magmatism dated by Louback et al. (2023), the tectonic activity
related to the Helmut lineament (~115/114 Ma according to Dehler et al. 2016), and the
hydrothermal alteration of tholeiitic basaltic rocks (*°Ar/*’Ar 114.3 + 1.1 Ma) reported by
Rancan et al. (2018). These events documented in the Santos Basin suggest a correlation
between dolomite precipitation, supply of thermal energy, and availability of Mg ions
provided by basaltic magmatism and tectono-thermal events. Regarding the 103 £ 5 Ma
pooled age of microcrystalline pseudomorphic dolomites, since their diagenetic
occurrence is referred as early diagenetic (Wright and Barnett, 2015; Tonietto et al., 2018;
Lima & De Ros, 2019; Carvalho & Fernandes, 2021; this study), we argue that their
Albian-Cenomanian age is related to dolomite U-Pb replacement caused by the
interaction with a silica-rich fluid and burial diagenesis (e.g. Sumner and Bowring, 1996;

Gasparrini et al., 2023).
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Figure 9. Dolomitic layers intercalated with shrubs and spherulites and their U-Pb ages. (A) Tera-
Wasserburg concordia diagram showing 233U/2%Pb versus 2’Pb/?Pb data of fine rhombohedral dolomite
crystals (B) Tera-Wasserburg concordia diagram showing 233U/2%Pb versus 2°’Pb/2%Pb data of spherulite
particles. (C) PPL photomicrograph of dolomitic spherulitestone with fine rhombohedral dolomite crystals
filling interparticle pores and partially replacing spherulite particles. Sample is 5090.95 from well A (D)
QEMSCAN image of figure in (C) highlighting the calcite composition of the spherulites, the interstitial
dolomite and silica partially replacing spherulites. (E) Tera-Wasserburg concordia diagram showing
238U/206Ph versus 20’Pb/**°Pb data of interstitial microcrystalline dolomite. (F) Tera-Wasserburg concordia
diagram showing 28U/2%Pb versus 2U7Pb/?%Pb data of shrub particles. (G) PPL photomicrograph of
dolomitic shrubstone with microcrystalline dolomite layers intercalated with layers of shrubs. Sample is
5015.10 from well B. (H) QEMSCAN image of figure in (G) highlighting the calcite composition of the
shrubs, and the partial replacement of shrubs by the microcrystalline dolomite. (I) Tera-Wasserburg
concordia diagram showing 2**U/2%Pb versus 2’Pb/?’°Pb data of fine rhombohedral dolomite crystals. (J)
Tera-Wasserburg concordia diagram showing 23¥U/2%Pb versus 2°7Pb/2°°Pb data of spherulite particles. (K)
PPL photomicrograph of dolomitic-silicified spherulitestone with fine rhombohedral dolomite crystals
filling interparticle pores and partially replacing spherulite particles. Sample is 5144.00 from well B. (L)
QEMSCAN image of figure in (K) highlighting the calcite composition of spherulite particles, the
surrounding silica and the thombohedral dolomite crystals between the particles. Quoted age uncertainty
includes propagated systematic uncertainties. Datapoint error ellipses are 2s. MSWD, mean squared
weighted deviation. (Pb*)c is (2*’Pb/?%Pb)., known as common lead composition. Red circles represent
analytical spots carried out at calcite particles. Blue circles represent analytical spots carried out at dolomite

phases. Dol: dolomite; MD: microcrystalline dolomite; Shr: shrub; Sph: spherulite.
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The post-silicification dolomites occur as later diagenetic cements such as (1)
blocky dolomite cement filling vuggy and intraparticle fracture porosities in shrubstones,
with an age of 99 + 4 Ma (Figure 6H-I); (2) as saddle dolomite cements filling vuggy and
fracture porosities lined by quartz crystals in cherts and grainstones, with the saddle
dolomite crystals showing ages of 97 + 5 Ma and 97 + 4 Ma (Figure 6J-K; 6N-O); and
(3) as 100 £ 3 Ma and 95 + 4 Ma pervasive rhombohedral dolomite crystals in grainstones
(Figure 6L-M). These dolomite occurrences are not affected by silicification features,
thus being interpreted as post-silicification phases. Their ages are contemporaneous with
the post-depositional hydrothermal alteration at ~ 105/100 Ma that significantly affected
the pre-salt carbonate U-Pb system. Likewise, for the precipitation of saddle dolomite, a
high temperature is required (> 60°C; Spotl & Pitman, 1998). The younger ~98 Ma
pervasive rhombohedral dolomites seems to be contemporaneous to the ~ 90 Ma
Cenomanian pervasive dolomitization event dated by Godeau et al. (2021) in the pre-salt
of the Kwanza Basin, which was interpreted to have occurred at a relatively shallow burial,
with the presence of hot fluids (ca. 150°C). Thus, these dolomite morphologies and timing
are in concordance with the presence of an elevated thermal regime and sources of
hydrothermal fluids affecting the Upper Barra Velha Formation and other basins of the
pre-salt system at ~105 - 100 Ma (e.g. Trittla et al., 2018; Loma et al., 2018; Godeau et
al., 2021; Rochelle-Bates et al., 2021; Rochelle-Bates et al., 2022). The 97 = 4 Ma age
saddle dolomite limits also a silicification event since the saddle dolomite is a post-
silicification phase that fills vuggy pores lined by macrocrystalline quartz. This means

that the silicification events observed in these samples are older than 100 Ma.
4.6 CONCLUSIONS

Carbonates from the Upper Barra Velha Formation exhibit a wide range of ages,
indicating that the Santos Basin carbonates were affected by a superposition of geologic
events. In contrast to U-Pb dating of zircons, which is a pretty stable mineral phase under
low temperature processes, U-Pb dating in carbonates may be affected by post-
depositional processes, such as diagenesis and hydrothermalism. Hence, as seen here, the
interpretation of U-Pb dating of carbonate rocks requires the input of information about
the geological evolution of the sedimentary rocks, including diagenesis, hydrothermal

alteration, mineralogical transformations, tectonic events, among others.

The ages obtained in this study are comparable to tectonic and thermal events that
affected the Santos Basin, including plate motion, oceanic spreading, and basaltic
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magmatism. These events have geochronological ages of ~ 127/125 Ma; ~ 116/114 Ma;
and ~ 105/100 Ma. Similar events are also reported for other pre-salt basins such as (1)
the Campos Basin, in which a hydrothermal (90—170°C) activity was dated by adularia
Y0Ar/*Ar ages of 107.0 £ 1.0 — 104.3 £ 0.8 Ma (Tritlla et al., 2018); (2) the Kwanza Basin,
in which a basalt alteration yielded *“°Ar/*°Ar ages of 114.5 £ 2.9 to 106.9 + 1.6 Ma.
Theses ages were used to constrain a hydrothermal (c. 140°C) pulse in the African pre-
salt (Loma et al., 2018), where elevated thermal regimes were identified by Godeau et al.
(2021) at ~104 Ma. These evidences imply that the tectonic-magmatic events identified
here had a wide-reaching influence on carbonate deposition and diagenesis on a regional

scale of the pre-salt system.

The geochronological replacement of the particles may not be a pervasive effect,
but instead may depend more on fluid-rock interaction and physical properties of the
particles such as porosity and permeability. This was observed on non-porous and non-
permeable dolomitic layers formed by dolomite crystals arranged with a Planar-s texture,
which were not affected by the U-Pb replacement. Ages of calcite primary particles,
otherwise, recorded superposition of post-depositional events. As another example,
carbonate particles from wells B and A have ages of ~ 105 Ma. In contrast, calcite
particles from well C are older, displaying ages around ~ 115 Ma. We suggest that
samples from cores B and A were affected by a nearby heat source at ~105/100 Ma, unlike

carbonates from well C.

The first generation of dolomites occurs as pre-silicification Barremian-Aptian
microcrystalline to very fine laminated primary dolomite rhombs. This is the first direct
U-Pb Barremian age registered in the Upper Barra Velha Formation, in agreement with
Tedeschi et al. (2017) and Pietzsch et al. (2020) that proposed an age of ~ 125/120 Ma
for deposition of the Upper Barra Velha Formation. The second generation is formed
essentially by ~ 117 — 108 Ma pre-silicification fine rhombohedral dolomite crystals that
are the product of pervasive dolomitization. The third generation of dolomites have ages
of ~ 100 Ma and are composed by pre-silicification pseudomorphic microcrystalline
dolomites that likely underwent U-Pb replacement related to an Albian-Cenomanian
silicification event, by pervasive dolomite rhombs, and by post-silicification later
diagenetic cements such as blocky dolomite and saddle dolomite. The saddle dolomite

temporally limits a silicification event as older than 100 Ma. Indeed, dolomite-silica
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petrographic relations indicate a time constrain for silicification events between 112 Ma

and 100 Ma in the studied rocks.
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CAPITULO 5
5.1 CONCLUSOES E RECOMENDACOES

Este trabalho reforga a viabilidade da datagdo de carbonatos pelo sistema U-Pb e
demonstra que a aplicagdo dessa técnica deve estar junta a estudos petrograficos,
mineralogicos e geoquimicos. Isso permite a identificacdo nao apenas da idade de
deposicao de carbonatos, mas também o reconhecimento temporal de eventos pos-
deposicionais que afetaram as rochas carbondticas estudadas, como a percolacdo de
fluidos em rochas. Isso ¢ relevante para o estabelecimento de uma cronologia da
diagénese e para relacionar produtos diagenéticos ou perturbagdes no sistema isotopico

U-Pb das particulas com a historia geoldgica da bacia.

Este trabalho também mostra a influéncia de propriedades fisicas das rochas sobre
possiveis alteragdes pos-deposicionais. Por exemplo, fases de dolomita ocorrendo em
arranjos mais fechados, com baixas porosidade e permeabilidade, dificultaram o efeito de
rejuvenescimento geocronoldgico. Particulas primadrias, por sua vez, com porosidade
intraparticula, frequentemente exibiram idades mais jovens do que o esperado. Isso ocorre
provavelmente porque a substitui¢do geocronologica do sistema U-Pb estd relacionada a

interagoes rocha-fluido.

Além disso, a geocronologia U-Pb de carbonatos, juntamente com analises
petrograficas, pode ser considerada uma ferramenta adicional para detectar modificagdes
diagenéticas em carbonatos. Como visto, o a substituicao do sistema U-Pb pode ocorrer,
o que indica uma modificacdo diagenética nos carbonatos estudados. Por outro lado,
carbonatos com idades muito precisas, com razao isotopica U-Pb bem espalhada e com
baixo Pb comum provavelmente mantiveram sua composig¢ao original. Tal implicacdo da
geocronologia U-Pb de carbonatos pode ser relevante para estudos paleoambientais e

paleoclimaticos que exigem amostras cuja composicao geoquimica foi preservada.

Portanto, como recomendacgdes para estudos de datagdo de carbonatos, deve-se ter
atencdo para a interpretacdo das idades obtidas por U-Pb em carbonatos, pois o sistema
U-Pb pode se comportar de maneira heterogénea dentro de uma mesma ladmina delgada,
podendo ocorrer de carbonatos exibirem idades mais jovens que o esperado. Entdo,
demonstra-se necessario informagdes sobre eventos tectdonicos, magmaticos e

hidrotermais contemporaneos a evolugdo geoldgica da area estudada.
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ANEXO A — Tabela de Idades do sistema do pré-sal publicadas na literatura para eventos de magmatismo, hidrotermalismo, deposicio e diagénese.

Estes dados foram os utilizados nos histogramas da Figura 4 e da Figure 1, e na confecciao da Figure 8.

Idade Central Evento Idade (Ma) Sistema Fase Referéncia
(Ma) Isotopico Analisada
130 Magmatismo 130 Ar-Ar Basalto Gomes et al. (2015); Oliveira et al. (2023)
130 Magmatismo 130 Ar-Ar Basalto Moreira et al. (2007)
130 Magmatismo 130 Ar-Ar Basalto Moreira et al. (2007)
128 Magmatismo 128 Ar-Ar Basalto Szatmari & Milani, 2016
127.4 Magmatismo 1274+2.3 Ar-Ar Basalto Loma et al. (2018)
125.5 Magmatismo 125.5+0.7 Ar-Ar Basalto Rancan et al. (2018)
124 Magmatismo 124 Ar-Ar Basalto Gordon et al. (2023)
124 Magmatismo 124 Ar-Ar Basalto Gordon et al. (2023)
124 Magmatismo 124 Ar-Ar Basalto Gordon et al. (2023)
122 Magmatismo 122 Ar-Ar Basalto Gordon et al. (2023)
121 Magmatismo 121 Ar-Ar Basalto Moreira et al. (2007)
121 Magmatismo 121 Ar-Ar Basalto Gordon et al. (2023)
120 Magmatismo 120 Ar-Ar Basalto Gomes et al. (2015); Oliveira et al. (2023)
120 Magmatismo 120 Ar-Ar Basalto Gordon et al. (2023)
119 Magmatismo 119 Ar-Ar Basalto Gordon et al. (2023)
118 Magmatismo 118 Ar-Ar Basalto Moreira et al. (2007)
118 Magmatismo 118 Ar-Ar Basalto Gordon et al. (2023)
117 Magmatismo 117 Ar-Ar Basalto Gordon et al. (2023)
117 Magmatismo 117 Ar-Ar Basalto Gordon et al. (2023)
116.93 Magmatismo 116.93 £0.22 Ar-Ar Basalto Louback et al. (2023)
116.16 Magmatismo 116.16 £ 0.10 Ar-Ar Basalto Louback et al. (2023)
116 Magmatismo 116 Ar-Ar Basalto Gordon et al. (2023)
115.21 Magmatismo 115.21£0.13 Ar-Ar Basalto Louback et al. (2023)
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Idade Central Evento Idade (Ma) Sistema Fase Referéncia
(Ma) Isotopico Analisada
115 Magmatismo 115 Ar-Ar Basalto Gomes et al. (2015); Oliveira et al. (2023)
115 Magmatismo 115 Ar-Ar Basalto Gordon et al. (2023)
113 Magmatismo 113 Ar-Ar Basalto Gomes et al. (2015); Oliveira et al. (2023)
110 Magmatismo 110 Ar-Ar Basalto Gordon et al. (2023)
109.95 Magmatismo 109.95 +0.20 Ar-Ar Basalto Louback et al. (2023)
107 Magmatismo 107 Ar-Ar Basalto Gordon et al. (2023)
107 Magmatismo 107 K-Ar Basalto Gordon et al. (2023)
90 Magmatismo 90+6 K-Ar Basalto Gordon et al. (2023)
87 Magmatismo 87+£12 K-Ar Basalto Gordon et al. (2023)
83.3 Magmatismo 83.3£0.66 Ar-Ar Basalto Rancan et al. (2018)
82 Magmatismo 82 +1 Ar-Ar Basalto Gordon et al. (2023)
77 Magmatismo 77+3 K-Ar Basalto Gordon et al. (2023)
75 Magmatismo 7542 K-Ar Basalto Gordon et al. (2023)
72.4 Magmatismo 724+49 Ar-Ar Basalto Rancan et al. (2018)
67.3 Magmatismo 67.3 K-Ar Basalto Gordon et al. (2023)
49.9 Magmatismo 49.9 + 0.45 Ar-Ar Basalto Gordon et al. (2023)
48.9 Magmatismo 48.9 Ar-Ar Basalto Szatmari, (2001)
48.1 Magmatismo 48.1 Ar-Ar Basalto Gordon et al. (2023)
41.06 Magmatismo 41.06+0.02 Ar-Ar Basalto Louback et al. (2021)
38.62 Magmatismo 38.62 £0.02 Ar-Ar Basalto Louback et al. (2021)
50 Magmatismo 50+7 K-Ar Plagioclasio Gordon et al. (2023)
114.5 Hidrotermalismo 114.5+2.9 Ar-Ar Basalto Loma et al. (2018)
114.3 Hidrotermalismo 1143+ 1.1 Ar-Ar Basalto Rancan et al. (2018)
107 Hidrotermalismo 107.0+ 1.0 Ar-Ar Adularia Trittla et al. (2018)
106.9 Hidrotermalismo 1069+ 1.6 Ar-Ar Basalto Loma et al. (2018)
104.3 Hidrotermalismo 104.3 +£0.8 Ar-Ar Adularia Trittla et al. (2018)
49.9 Hidrotermalismo 49.9+0.45 Ar-Ar Basalto Rancan et al. (2018)
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Idade Central Evento Idade (Ma) Sistema Fase Referéncia
(Ma) Isotopico Analisada
115.83 Deposicao/Diagé€nese 115.83 +£1.56 U-Pb Calcita Lawson et al. (2022)
115 Deposicao/Diagénese 115 U-Pb Dolomita Godeau et al. (2021)
114.46 Deposicao/Diagénese 114.46 +4.72 U-Pb Calcita Lawson et al. (2022)

114 Deposicao/Diagénese 1140+ 134 U-Pb Calcita Rochelle-Bates et al. (2022)
113 Deposicao/Diagénese 113.0+£15.3 U-Pb Calcita Rochelle-Bates et al. (2022)
112.5 Deposi¢do/Diagénese 112.5+2.8 U-Pb Calcita Godeau et al. (2021)
110.2 Deposi¢do/Diagénese 1102+ 2.1 Th-Pb Calcita Godeau et al. (2021)

109.73 Deposicao/Diagénese 109.73 £9.26 U-Pb Calcita Lawson et al. (2022)
107.6 Deposicao/Diagénese 107.6 £5.1 U-Pb Calcita Rochelle-Bates et al. (2022)

107 Deposicao/Diagénese 107.0 £27.2 Ma U-Pb Calcita Rochelle-Bates et al. (2022)
106.9 Deposicao/Diagénese 106.9 £4.3 U-Pb Calcita Rochelle-Bates et al. (2022)
103.8 Deposic¢io/Diagénese 103.8 £3.0 U-Pb Dolomita Godeau et al. (2021)

92 Deposicao/Diagé€nese 92 +3 Ma U-Pb Calcedonia Godeau et al. (2021)

90 Deposicao/Diagénese 90 U-Pb Dolomita Godeau et al. (2021)
86.2 Deposigao/Diagénese 86.2+24 U-Pb Calcita Rochelle-Bates et al. (2021)
85.5 Deposicio/Diagénese 85.5+9.5 U-Pb Calcita Godeau et al. (2021)

77 Deposigao/Diagénese 77.0+11.2 U-Pb Calcita Rochelle-Bates et al. (2022)
59.2 Deposigao/Diagénese 59.2+53 U-Pb Dolomita Rochelle-Bates et al. (2022)

58 Deposigao/Diagénese 58.0+4.6 U-Pb Dolomita Rochelle-Bates et al. (2022)
56.8 Deposicao/Diagénese 56.8£4.8 U-Pb Dolomita Rochelle-Bates et al. (2021)
124 Deposigao/Diagénese 124 +5 U-Pb Dolomita Este trabalho
123 Deposigao/Diagénese 123+ 4 U-Pb Dolomita Este trabalho
122 Deposigao/Diagénese 122+5 U-Pb Dolomita Este trabalho
117 Deposigao/Diagénese 117+£3 U-Pb Dolomita Este trabalho
116 Deposigao/Diagénese 116 +4 U-Pb Calcita Este trabalho
115 Deposigao/Diagénese 115+5 U-Pb Calcita Este trabalho
114 Deposigao/Diagénese 11443 U-Pb Calcita Este trabalho




Idade Central Evento Idade (Ma) Sistema Fase Referéncia
(Ma) Isotopico Analisada
113 Deposicao/Diagénese 113+3 U-Pb Calcita Este trabalho
112 Deposicao/Diagénese 112+7 U-Pb Dolomita Este trabalho
112 Deposicao/Diagénese 112 +3 U-Pb Calcita Este trabalho
110 Deposicao/Diagénese 110+ 4 U-Pb Calcita Este trabalho
109 Deposicao/Diagénese 109 + 4 U-Pb Dolomita Este trabalho
109 Deposicao/Diagénese 109 + 3 U-Pb Dolomita Este trabalho
108 Deposicao/Diagénese 108 +5 U-Pb Dolomita Este trabalho
105 Deposicao/Diagénese 105 +3 U-Pb Calcita Este trabalho
104 Deposicao/Diagénese 104 +5 U-Pb Dolomita Este trabalho
100 Deposicao/Diagénese 100+ 5 U-Pb Calcita Este trabalho
100 Deposicao/Diagénese 100 + 3 U-Pb Calcita Este trabalho
100 Deposicao/Diagénese 103+ 7 U-Pb Calcita Este trabalho
99 Deposi¢ao/Diagénese 99 +7 U-Pb Calcita Este trabalho
99 Deposi¢do/Diagénese 99+6 U-Pb Dolomita Este trabalho
99 Deposi¢ao/Diagénese 99 + 4 U-Pb Dolomita Este trabalho
97 Deposi¢ao/Diagénese 97 +4 U-Pb Dolomita Este trabalho
97 Deposi¢ao/Diagénese 97+5 U-Pb Dolomita Este trabalho
95 Deposi¢ao/Diagénese 95+ 4 U-Pb Dolomita Este trabalho
82 Deposi¢ao/Diagénese 82+6 U-Pb Calcita Este trabalho
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ANEXO B — Tabelas de dados U-Pb

Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238U/2%Pp 1s% 207Pp/2%Ph 1s%
C_Walnut 318 3078 5.6 0.0048 4.9 24 204 0.7 0.2 1.7
C_Walnut 341 2665 4.7 0.0008 4.5 2.2 20.0 0.8 0.2 2.0
C_Walnut 348 2232 4.1 0.0014 4.7 23 21.1 0.9 0.1 2.4
C_Walnut 482 1697 2.8 0.0056 2.9 2.0 18.9 1.0 0.2 2.0
C_Walnut 258 4393 8.5 0.0138 6.1 1.8 21.8 0.8 0.1 1.4
C_Walnut 321 2701 52 0.0259 4.8 2.1 21.8 0.6 0.2 1.9
C_Walnut 293 3626 6.7 0.0003 53 23 204 0.7 0.2 1.8
C_Walnut 588 923 1.6 0.0112 2.5 2.5 19.1 1.3 0.2 3.1
C_Walnut 406 1451 2.7 0.0021 3.7 24 20.3 1.1 0.2 2.1
C_Walnut 241 3764 7.6 0.0005 6.5 2.1 21.4 0.7 0.1 1.6
C_Walnut 319 2258 4.8 0.0009 4.9 2.6 22.6 0.9 0.2 2.0
C_Walnut 234 3696 7.8 0.0003 6.8 1.9 22.1 0.9 0.1 1.3
C_Walnut 370 2007 4.1 0.0009 4.0 1.8 21.4 0.9 0.2 1.8
C_Walnut 535 969 1.7 0.0026 2.7 2.8 18.9 1.2 0.2 2.6
C_Walnut 240 3767 8.5 0.0003 6.6 1.7 22.6 0.8 0.1 1.5
C_Walnut 364 1957 3.9 0.0004 4.1 24 20.1 1.4 0.2 2.1
C_Walnut 333 2556 5.5 0.0001 44 1.8 21.8 1.0 0.2 1.6
C_Walnut 412 1759 35 0.0001 34 23 19.7 1.0 0.2 2.0
C_Walnut 374 1571 35 0.0005 43 33 22.1 0.9 0.2 2.4
C_Walnut 312 2651 5.4 0.0001 4.7 2.1 19.9 0.8 0.2 1.9
C_Walnut 366 1979 43 0.0054 4.1 2.6 20.5 0.9 0.2 2.4
C_Walnut 285 2414 6.3 0.0009 5.8 2.9 24.7 0.7 0.1 2.0
C_Walnut 440 1671 33 0.0009 3.1 2.1 18.8 1.0 0.2 2.1
C_Walnut 428 1617 3.7 0.0023 34 2.1 20.9 1.1 0.2 1.7
C_Walnut 486 1568 33 0.0026 2.8 2.1 19.2 0.8 0.3 2.0
C_Walnut 396 2132 4.7 0.0016 3.6 2.5 20.4 0.8 0.2 2.7
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Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%

C Walnut 460 1428 3.1 0.0020 3.0 23 19.9 1.0 0.2 2.2

C Walnut 383 1843 43 0.0040 3.8 2.6 21.2 1.0 0.2 23
(928)5144.00_CalcEsf 497 4088 10.4 0.0002 2.2 1.3 27.1 1.1 0.4 1.4
(928)5144.00_CalcEsf 565 4157 10.3 0.0020 1.8 1.0 26.5 0.9 0.5 1.0
(928)5144.00_CalcEsf 576 4335 10.6 0.0001 1.7 1.0 25.8 1.3 0.6 0.7
(928)5144.00_CalcEsf 521 3777 12.1 0.0004 2.0 1.0 34.2 0.9 0.5 1.0
(928)5144.00 CalcEsf 565 3470 8.6 0.0008 1.8 1.7 27.2 24 0.5 1.7
(928)5144.00 CalcEsf 621 6743 2.9 0.0034 1.5 1.3 4.2 2.1 0.6 1.4
(928)5144.00 CalcEsf 814 555 1.4 0.0021 1.6 43 28.0 2.7 0.3 5.0
(928)5144.00 CalcEsf 660 1846 2.1 0.0068 1.5 1.7 12.0 2.6 0.6 2.0
(928)5144.00 CalcEsf 1664 242 0.9 0.3552 0.9 54 46.5 3.8 0.3 8.9
(928)5144.00 CalcEsf 557 2058 5.2 0.0030 1.9 24 27.0 2.8 0.5 2.8
(928)5144.00 CalcEsf 685 2020 3.8 0.0012 1.4 1.5 19.8 2.5 0.6 1.6
(928)5144.00 CalcEsf 488 2492 9.1 0.0008 24 24 38.5 1.6 0.4 2.8
(928)5144.00 CalcEsf 603 1731 43 0.0002 1.7 1.9 27.1 23 0.5 2.2
(928)5144.00 CalcEsf 702 1820 2.8 0.0021 1.3 1.4 16.9 24 0.7 1.4
(928)5144.00 CalcEsf 686 1286 24 0.0044 1.5 3.2 18.8 1.8 0.5 2.4
(928)5144.00 CalcEsf 714 1651 1.9 0.0027 1.2 1.4 13.1 3.1 0.7 1.5
(928)5144.00 CalcEsf 725 9508 23 0.0011 1.1 0.5 3.1 34 0.9 0.4
(928)5144.00 CalcEsf 710 4049 2.8 0.0019 1.2 1.0 8.8 3.2 0.8 0.9
(928)5144.00 CalcEsf 717 1772 24 0.0020 1.3 1.6 17.1 33 0.6 2.1
(928)5144.00 CalcEsf 670 2191 2.8 0.0005 1.4 1.9 17.3 4.0 0.6 2.4
(928)5144.00 DolRomb 570 1506 4.9 0.0002 2.0 2.1 33.9 1.0 0.4 2.4
(928)5144.00 DolRomb 647 1089 34 0.0044 1.8 2.8 31.1 1.6 0.4 3.2
(928)5144.00 DolRomb 707 1016 33 0.0008 1.7 2.8 37.2 2.1 0.4 3.7
(928)5144.00 DolRomb 640 1462 3.8 0.0011 1.6 1.4 26.6 1.3 0.5 2.0
(928)5144.00 DolRomb 658 1589 35 0.0008 1.5 1.5 233 1.7 0.5 1.9
(928)5144.00 DolRomb 581 1025 4.5 0.0008 2.5 34 45.8 1.7 0.2 4.9
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Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(928)5144.00_DolRomb 668 1896 43 0.0003 1.4 1.1 22.8 1.1 0.6 1.4
(928)5144.00_DolRomb 585 1645 4.8 0.0004 1.9 1.8 30.9 1.5 0.4 2.0
(928)5144.00_DolRomb 663 2146 4.2 0.0005 1.4 1.1 21.0 2.2 0.6 1.5
(928)5144.00_DolRomb 454 1046 55 0.0004 4.0 5.2 53.1 0.9 0.1 4.1
(928)5144.00_DolRomb 691 4608 4.2 0.0178 1.2 1.1 9.2 2.0 0.7 1.2
(928)5144.00_DolRomb 652 1018 3.7 0.0036 1.8 2.5 36.5 1.4 0.4 2.5
(928)5144.00 DolRomb 711 1525 2.7 0.0001 1.3 1.2 17.6 1.3 0.6 1.1
(928)5144.00 DolRomb 683 1530 3.7 0.0004 1.5 1.5 24.9 1.2 0.5 1.6
(928)5144.00 DolRomb 586 1093 4.4 0.0001 23 2.8 40.1 1.4 0.3 2.8
(928)5144.00 DolRomb 699 976 3.1 0.0003 1.6 23 314 1.3 0.5 23
(928)5144.00 DolRomb 573 1280 4.5 0.0214 2.1 24 36.0 1.3 0.4 2.4
(928)5144.00 DolRomb 619 1648 4.1 0.0001 1.7 1.8 24.7 1.9 0.5 2.1
(928)5144.00 DolRomb 682 851 3.0 0.0003 1.7 2.8 35.6 1.4 0.4 2.5
(928)5144.00 DolRomb 625 920 34 0.0001 2.0 3.1 37.1 1.2 0.4 2.8
(928)5194.50 DolMicro 640 13703 13.0 0.0001 1.5 1.7 10.7 2.6 0.6 0.6
(928)5194.50 DolMicro 533 3919 9.3 0.0010 2.0 1.1 26.0 1.1 0.4 1.2
(928)5194.50 DolMicro 655 3560 6.6 0.0003 1.5 1.2 22.1 2.9 0.6 1.3
(928)5194.50 DolMicro 351 3213 10.3 0.0002 4.0 4.6 38.2 1.9 0.2 5.4
(928)5194.50 DolMicro 671 16135 7.3 0.0005 1.3 0.4 4.7 1.2 0.7 0.4
(928)5194.50 DolMicro 566 3172 6.7 0.0086 1.9 1.8 24.6 2.2 0.5 1.9
(928)5194.50 DolMicro 678 4400 4.4 0.0043 1.3 1.3 10.7 5.9 0.6 2.0
(928)5194.50 DolMicro -2660 -3 0.1 0.0570 0.0 -71.7 -13.9 -136.8 0.1 791.7
(928)5194.50 DolMicro 677 4182 43 0.0004 1.3 1.2 12.0 2.7 0.7 1.0
(928)5194.50 DolMicro 597 3635 5.7 0.0005 1.6 1.2 17.4 2.8 0.5 1.3
(928)5194.50 DolMicro 707 30473 9.5 0.0003 1.2 0.4 3.1 2.4 0.7 0.4
(928)5194.50 DolMicro 563 4024 8.3 0.0114 1.9 1.5 23.0 2.8 0.5 1.6
(928)5194.50 DolMicro 337 6038 27.0 0.0001 4.1 24 46.1 0.9 0.2 2.2
(928)5194.50 DolMicro 628 4550 5.7 0.0178 1.5 1.3 15.3 3.5 0.6 1.4

86



Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(928)5194.50 DolMicro 622 1195 34 0.0009 2.0 2.8 29.8 1.9 0.3 2.7
(928)5194.50 DolMicro 634 3298 34 0.0050 1.6 34 14.5 4.7 0.5 2.8
(928)5194.50 DolMicro 350 2462 8.8 0.0004 43 3.0 38.9 1.5 0.2 3.8
(928)5194.50 DolMicro 324 2252 8.7 0.0005 5.0 3.2 41.7 1.0 0.2 43
(928)5194.50 DolMicro 404 2465 8.3 0.0004 32 2.1 36.0 1.0 0.3 24
(928)5194.50 DolMicro 371 2046 7.5 0.0003 3.9 2.6 38.7 0.9 0.2 2.9
(928)5194.50 DolRomb 733 2148 3.6 0.0026 1.4 1.7 22.6 3.6 0.5 2.4
(928)5194.50 DolRomb 694 3036 34 0.0224 1.4 1.2 13.1 1.9 0.6 1.0
(928)5194.50 DolRomb 621 1115 3.9 0.0015 2.2 2.6 40.1 1.6 0.3 4.8
(928)5194.50 DolRomb 728 1838 2.6 0.0113 1.4 1.4 17.4 3.0 0.5 1.8
(928)5194.50 DolRomb 676 12096 14.3 0.0003 1.3 0.7 13.8 2.7 0.6 0.7
(928)5194.50 DolRomb 740 5129 25 0.0023 1.2 0.7 6.0 33 0.7 0.7
(928)5194.50 DolRomb 742 17491 24 0.0028 1.2 0.7 4.0 8.2 0.7 0.9
(928)5194.50 DolRomb 742 4437 25 0.0035 1.2 3.6 8.7 4.7 0.7 1.1
(928)5194.50 DolRomb 672 1485 35 0.0102 1.7 2.2 28.2 3.0 0.4 33
(928)5194.50 DolRomb 737 6515 32 0.0010 1.3 1.3 12.0 43 0.6 1.8
(928)5194.50 DolRomb 683 1404 35 0.0029 1.6 1.7 28.1 2.0 0.4 23
(928)5194.50 DolRomb 687 1210 2.9 0.0009 1.6 1.8 259 1.0 0.4 2.0
(928)5194.50 DolRomb 660 1624 33 0.0052 1.6 1.9 235 2.5 0.5 2.1
(928)5194.50 DolRomb 653 2153 35 0.0006 1.6 24 22.9 4.7 0.5 2.7
(928)5194.50 DolRomb 689 1577 2.7 0.0112 1.5 1.9 20.5 2.9 0.5 2.1
(928)5194.50 DolRomb 682 5097 3.1 0.0019 1.3 0.8 8.0 3.8 0.7 0.9
(928)5194.50 DolRomb 606 1413 4.8 0.0011 2.0 2.2 39.0 1.7 0.4 2.1
(928)5194.50 DolRomb 720 939 2.6 0.0016 1.7 2.6 31.6 2.0 0.4 3.2
(928)5194.50 DolRomb 673 2160 3.2 0.0017 1.5 2.0 17.9 2.6 0.6 1.6
(928)5194.50 DolRomb 680 989 2.9 0.0080 1.9 2.8 33.0 2.2 0.3 3.6

(SPH-6)5124.60 CalcPart 256 3226 16.7 0.0003 6.0 1.8 48.4 0.7 0.2 1.5
(SPH-6)5124.60 CalcPart 352 2396 12.0 0.0002 4.1 24 45.8 1.2 0.2 1.9
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Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5124.60_ CalcPart 288 3057 15.7 0.0006 5.3 2.5 47.2 0.8 0.2 23
(SPH-6)5124.60 CalcPart 299 3073 15.4 0.0005 4.8 1.7 46.4 0.9 0.2 1.3
(SPH-6)5124.60 CalcPart 227 3327 18.6 0.0003 7.3 2.2 52.2 0.8 0.1 1.5
(SPH-6)5124.60 CalcPart 326 3134 15.1 0.0002 43 1.5 44.8 0.9 0.2 1.1
(SPH-6)5124.60_ CalcPart 271 3274 16.9 0.0003 5.7 2.0 48.1 0.8 0.2 1.4
(SPH-6)5124.60_ CalcPart 330 2882 15.3 0.0004 43 1.6 48.7 0.7 0.2 1.5
(SPH-6)5124.60 CalcPart 349 3126 14.5 0.0009 3.9 1.5 42.7 0.9 0.2 1.3
(SPH-6)5124.60 CalcPart 301 3049 15.3 0.0002 4.9 2.1 46.1 1.0 0.2 1.8
(SPH-6)5124.60 CalcPart 297 2960 15.5 0.0004 5.1 2.2 48.1 0.9 0.2 1.7
(SPH-6)5124.60 CalcPart 246 4907 25.7 0.0002 6.1 1.4 47.8 0.8 0.2 1.3
(SPH-6)5124.60 CalcPart 274 3563 18.9 0.0017 55 23 48.8 0.9 0.2 1.8
(SPH-6)5124.60 CalcPart 268 3193 17.3 0.0002 6.0 3.8 50.1 0.8 0.2 1.9
(SPH-6)5124.60 CalcPart 418 2611 11.3 0.0003 3.0 1.4 39.5 0.7 0.3 1.5
(SPH-6)5124.60 CalcPart 368 2850 13.6 0.0003 3.6 1.6 43.8 0.8 0.3 1.5
(SPH-6)5124.60 CalcPart 275 3459 18.2 0.0001 54 1.6 47.9 0.7 0.2 1.5
(SPH-6)5124.60_ CalcPart 283 2772 14.9 0.0006 54 2.1 48.6 0.9 0.2 1.6
(SPH-6)5124.60 CalcPart 294 3267 16.3 0.0008 4.9 1.6 45.1 0.9 0.2 1.4
(SPH-6)5124.60_ CalcPart 285 2690 14.7 0.0003 55 2.7 49.7 0.8 0.2 2.2
(SPH-6)5124.60 DolRomb 655 4708 4.1 0.0018 1.3 0.7 8.5 0.8 0.7 0.5
(SPH-6)5124.60 DolRomb 660 11047 6.5 0.0003 1.3 0.5 6.3 2.8 0.7 0.5
(SPH-6)5124.60 DolRomb 659 4033 4.2 0.0003 1.3 0.8 10.0 0.8 0.7 0.7
(SPH-6)5124.60 DolRomb 664 2689 2.8 0.0014 1.3 0.9 10.2 1.0 0.7 0.8
(SPH-6)5124.60 DolRomb 658 2828 34 0.0014 1.4 0.8 11.7 0.8 0.7 0.9
(SPH-6)5124.60 DolRomb 651 4288 3.9 0.0023 1.3 0.7 8.9 0.9 0.7 0.7
(SPH-6)5124.60 DolRomb 663 4275 3.9 0.0005 1.3 0.6 8.7 0.9 0.7 0.6
(SPH-6)5124.60 DolRomb 657 4553 4.2 0.0002 1.3 0.6 8.9 1.1 0.7 0.6
(SPH-6)5124.60 DolRomb 650 5864 53 0.0026 1.3 0.5 8.7 0.7 0.7 0.5
(SPH-6)5124.60 DolRomb 664 3364 3.5 0.0039 1.3 0.8 10.1 1.5 0.7 0.8
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Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5124.60 DolRomb 708 1996 1.4 0.0043 1.2 1.0 6.9 2.6 0.7 0.9
(SPH-6)5124.60 DolRomb 664 4646 33 0.0004 1.3 0.6 7.0 1.6 0.8 0.6
(SPH-6)5124.60 DolRomb 657 5026 4.1 0.0008 1.3 0.6 8.2 23 0.7 0.7
(SPH-6)5124.60 DolRomb 658 5698 4.8 0.0005 1.3 0.6 8.0 0.6 0.7 0.5
(SPH-6)5124.60 DolRomb 658 3839 3.8 0.0109 1.3 0.7 9.4 0.9 0.7 0.7
(SPH-6)5124.60 DolRomb 655 5074 4.1 0.0004 1.3 0.5 7.7 0.6 0.7 0.6
(SPH-6)5124.60 DolRomb 662 5545 4.4 0.0036 1.3 0.6 7.5 1.0 0.7 0.6
(SPH-6)5124.60 DolRomb 657 4155 4.2 0.1361 1.3 0.7 9.6 1.7 0.7 0.8
(SPH-6)5124.60 DolRomb 650 3585 3.9 0.0031 1.3 0.7 10.2 1.1 0.7 0.7
(SPH-6)5124.60 DolRomb 645 2479 34 0.0015 1.4 0.9 13.0 1.1 0.7 0.8

(SPH-6)5124.60 DolSel 879 716 1.0 0.0001 1.1 1.9 14.8 1.5 0.6 1.8
(SPH-6)5124.60 DolSel 920 705 0.6 0.0005 0.9 1.6 10.9 1.7 0.8 1.4
(SPH-6)5124.60 DolSel 894 752 0.6 0.0004 1.0 1.8 9.6 2.0 0.7 1.6
(SPH-6)5124.60 DolSel 879 771 0.2 0.0001 0.9 1.6 3.6 53 0.8 1.6
(SPH-6)5124.60_DolSel 891 759 0.5 0.0002 1.0 1.7 8.4 2.1 0.8 1.6
(SPH-6)5124.60 DolSel 812 792 1.5 0.0025 1.2 2.0 19.6 1.4 0.6 1.6
(SPH-6)5124.60_DolSel 804 999 1.3 0.0000 1.1 1.5 13.8 1.9 0.7 1.6
(SPH-6)5124.60 DolSel 867 725 0.4 0.0011 1.0 1.8 7.7 23 0.8 1.5
(SPH-6)5124.60_DolSel 888 745 0.3 0.0014 1.0 1.8 4.6 3.9 0.8 1.8
(SPH-6)5124.60_DolSel 855 777 0.3 0.0006 1.0 1.8 4.5 4.4 0.8 1.8
(SPH-6)5124.60_ DolSel 873 788 0.3 0.0041 1.0 1.7 5.0 3.7 0.8 1.6
(SPH-6)5124.60_DolSel 814 758 0.7 0.0012 1.1 1.9 11.1 1.8 0.7 1.8
(SPH-6)5124.60 DolSel 847 743 0.9 0.0010 1.1 1.8 12.6 1.5 0.7 1.5
(SPH-6)5124.60 DolSel 887 752 0.5 0.0004 1.0 1.5 8.5 2.5 0.8 1.6
(SPH-6)5124.60 DolSel 942 713 0.3 0.0034 0.9 1.8 4.5 4.2 0.8 1.7
(SPH-6)5124.60 DolSel 891 657 0.6 0.0012 1.0 1.8 11.9 1.7 0.7 1.7
(SPH-6)5124.60 DolSel 984 543 0.7 0.0037 0.9 2.2 15.3 1.7 0.7 1.7
(SPH-6)5124.60 DolSel 968 649 0.3 0.0064 0.9 1.9 5.6 3.9 0.8 1.8
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Identificador f206c  2Pb  Uppm Th/U  2Pb/2%Pb  15% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5124.60_DolSel 902 572 0.7 0.0073 1.0 2.1 13.9 1.9 0.7 2.0
(SPH-6)5124.60_DolSel 906 608 0.6 0.0054 1.0 1.8 11.5 1.8 0.7 1.9

Barstow 468 5854 141.8 0.0000 2.6 0.8 270.0 0.9 0.3 0.9
Barstow 472 5048 124.9 0.0000 2.6 0.9 274.5 0.7 0.3 0.9
Barstow 603 5691 101.9 0.0001 1.8 0.8 195.9 0.6 0.4 0.9
Barstow 598 7576 111.9 0.0001 1.6 0.7 157.3 0.7 0.5 0.7
Barstow 518 5039 111.7 0.0000 2.2 0.9 239.0 0.6 0.4 0.8
Barstow 515 5523 123.8 0.0000 2.2 1.0 240.9 1.0 0.4 0.9
Barstow 622 8828 100.9 0.0000 1.5 0.8 119.9 1.7 0.6 0.6
Barstow 529 4109 94.0 0.0000 2.2 1.1 238.8 0.6 0.4 0.9
Barstow 426 4233 117.6 0.0000 3.0 0.9 290.4 0.7 0.3 0.9
Barstow 304 7499 2374 0.0000 4.6 1.7 3235 0.5 0.2 1.6
Barstow 474 3780 103.2 0.0000 2.6 1.0 278.1 0.8 0.3 1.1
Barstow 421 2903 90.3 0.0001 32 1.4 317.5 0.8 0.2 1.3
Barstow 523 5311 125.2 0.0000 2.1 1.0 233.6 0.8 0.4 0.9
Barstow 615 7547 108.0 0.0000 1.5 0.7 143.4 1.1 0.6 0.8
Barstow 545 4720 104.2 0.0000 2.0 0.8 220.3 0.8 0.4 0.8
Barstow 514 3870 104.3 0.0000 23 1.0 260.9 0.8 0.4 0.9
Barstow 466 4404 126.4 0.0000 2.6 1.0 276.2 0.7 0.3 1.0
Barstow 514 5088 126.4 0.0000 2.2 1.0 239.1 0.6 0.4 0.9
Barstow 555 5987 109.6 0.0000 1.8 0.7 171.4 0.7 0.5 0.7
Barstow 581 5774 103.2 0.0000 1.7 0.6 167.5 0.6 0.5 0.7
Barstow 584 5167 86.6 0.0000 1.7 0.6 155.9 0.6 0.5 0.8
Barstow 608 7148 102.0 0.0001 1.5 0.5 129.2 0.9 0.6 0.6
Barstow 512 5443 128.5 0.0000 2.1 0.9 2123 0.8 0.4 0.8
Barstow 533 3971 112.0 0.0000 2.2 1.0 255.1 0.7 0.4 1.1
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Identificador f206¢ 206pp  Uppm  Th/U  2%Pb/*%Pb 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
C Walnut 314 4272 2.89 0.0077 4.6 23 21.5 0.8 0.2 1.9
C Walnut 311 5172 3.54 73.0597 4.7 1.4 21.6 0.6 0.2 1.1
C Walnut 284 6210 4.22 0.0012 5.2 1.4 21.4 0.5 0.2 1.0
C Walnut 252 6673 4.79 0.0007 6.0 1.5 22.6 0.5 0.2 1.2
C Walnut 331 4965 3.33 0.0042 4.4 1.9 21.1 0.7 0.2 1.7
C Walnut 271 6079 4.12 0.0006 53 1.8 20.3 1.6 0.2 1.9
C Walnut 295 6691 4.01 0.0002 4.8 2.2 18.8 2.5 0.2 2.8
C Walnut 283 9820 4.95 0.0016 4.7 1.3 14.9 0.7 0.2 1.0
C Walnut 244 4115 3.28 0.0005 6.2 2.0 223 0.5 0.2 1.4
C Walnut 263 3527 2.70 0.0006 5.8 2.1 213 0.6 0.2 1.5
C Walnut 241 4950 3.82 0.0001 6.1 1.3 21.4 0.5 0.2 1.2
C Walnut 222 5871 4.90 0.0003 6.8 1.4 21.9 0.6 0.2 1.0
C Walnut 233 4897 3.95 0.0001 6.3 1.4 21.1 0.5 0.2 1.0
C Walnut 251 4488 3.57 0.0005 5.9 1.7 20.8 0.5 0.2 1.2
C Walnut 297 3523 2.67 0.0158 4.9 2.5 18.8 0.9 0.2 1.7
C Walnut 199 5076 4.64 0.0002 7.9 1.9 22.4 0.5 0.1 1.4
C Walnut 216 4667 4.11 0.0004 7.1 1.7 215 0.5 0.2 1.3
C Walnut 209 4447 4.02 0.0001 7.4 2.0 20.8 0.5 0.2 1.3
C Walnut 228 4586 3.98 0.0005 6.5 1.5 19.8 0.7 0.2 1.1
C Walnut 275 4560 342 0.0002 5.0 24 17.3 1.2 0.2 1.9
C Walnut 194 4562 4.31 0.0017 8.2 2.1 21.6 0.5 0.1 1.3
C Walnut 212 4461 4.10 0.0005 7.3 2.0 20.9 0.7 0.2 1.2
(923A)5100.75 CalcPart 746 1224 0.03 0.0207 1.1 1.2 0.6 15.9 0.8 1.1
(923A)5100.75 CalcPart 829 842 0.08 0.0061 1.0 1.5 2.2 6.0 0.8 1.4
(923A)5100.75 CalcPart 961 461 0.13 0.0268 1.0 24 6.9 4.1 0.7 2.1
(923A)5100.75 CalcPart 752 1297 0.07 1.1613 1.1 1.2 1.4 6.2 0.8 1.3
(923A)5100.75 CalcPart 869 650 0.02 0.2791 1.0 2.1 0.6 29.9 0.8 1.9
(923A)5100.75 CalcPart 764 1210 0.06 0.0575 1.1 1.4 1.3 7.7 0.8 1.5
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Identificador f206¢ 206pp  Uppm  Th/U  2%6Pb/2%4Pb 1s% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(923A)5100.75_CalcPart 703 2070 0.06 0.0158 1.2 0.9 0.6 7.7 0.9 0.8
(923A)5100.75_CalcPart 729 1301 0.01 0.0880 1.1 1.4 0.3 36.7 0.9 1.2
(923A)5100.75_CalcPart 701 1744 0.04 0.0131 1.2 1.2 0.5 11.7 0.8 0.9
(923A)5100.75_CalcPart 715 1641 0.05 0.0934 1.1 1.1 0.6 9.2 0.8 0.9
(923A)5100.75_CalcPart 729 1120 0.15 0.0044 1.2 1.4 33 3.6 0.8 1.3
(923A)5100.75_CalcPart 665 2153 0.19 0.0039 1.2 1.0 2.1 2.2 0.8 0.8
(923A)5100.75 CalcPart 769 846 0.08 0.0666 1.1 1.7 23 5.5 0.8 1.5
(923A)5100.75 CalcPart 768 784 0.15 0.0082 1.1 1.8 4.4 2.7 0.7 1.3
(923A)5100.75 CalcPart 730 871 0.18 0.0106 1.2 1.7 4.8 2.6 0.7 1.4
(923A)5100.75 CalcPart 792 676 0.14 0.0031 1.1 2.1 5.0 4.1 0.7 1.8
(923A)5100.75 CalcPart 779 872 0.14 0.0108 1.1 1.7 3.9 3.6 0.8 1.3
(923A)5100.75 CalcPart 756 1053 0.11 0.0150 1.1 1.6 2.6 43 0.8 1.1
(923A)5100.75 CalcPart 729 1174 0.16 0.0104 1.2 1.2 3.1 3.1 0.8 1.0
(923A)5100.75 CalcPart 798 670 0.14 0.0663 1.1 2.1 5.0 3.6 0.7 1.6
(923A)5100.75 DolBloc 1676 192 0.03 0.0035 0.6 5.0 4.6 15.9 0.8 4.2
(923A)5100.75 DolBloc 2254 162 0.01 0.0020 0.4 37.0 1.0 69.1 0.9 4.5
(923A)5100.75 DolBloc 3925 40 0.00 0.0036 0.2 16.7 -1.9 -413.8 0.5 533
(923A)5100.75 DolBloc 1688 186 0.01 0.0032 0.6 43 1.3 50.3 1.0 3.8
(923A)5100.75 DolBloc 1309 262 0.01 0.0063 0.7 3.5 1.1 40.1 0.8 2.6
(923A)5100.75 DolBloc 4023 72 0.01 0.0099 0.4 13.7 -2.8 -132.8 1.1 22.3
(923A)5100.75 DolBloc 6871 69 0.00 0.0018 0.3 10.1 -3.8 -123.5 0.7 28.2
(923A)5100.75 DolBloc 3636 102 0.00 0.0022 0.4 8.4 -0.1 -5421.2 0.3 334.9
(923A)5100.75 DolBloc 3763 90 0.00 0.0292 0.4 9.9 9.2 52.4 1.6 11.3
(923A)5100.75 DolBloc 3748 65 0.01 0.0007 0.3 14.9 -3.5 -300.8 0.7 433
(923A)5100.75 DolBloc 3117 106 0.01 0.0113 0.4 6.3 1.0 152.2 1.1 8.1
(923A)5100.75 DolBloc 4181 91 0.00 0.0054 0.3 8.2 -4.8 -158.4 0.2 130.6
(923A)5100.75 DolBloc 4202 101 0.00 0.0138 0.4 18.2 -1.9 -224.3 0.2 143.5
(923A)5100.75 DolBloc 4348 96 0.01 0.0271 0.1 216.8 1.2 512.6 0.5 48.3
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(923A)5100.75_DolBloc 2509 144 0.01 0.0377 0.5 5.7 -0.1 -914.6 1.0 8.9
(923A)5100.75_DolBloc 2054 146 0.01 0.0374 0.5 5.2 1.3 76.2 0.9 6.7
(923A)5100.75_DolBloc 3996 82 0.01 0.0089 0.3 7.1 3.9 81.0 1.0 18.4
(923A)5100.75_DolBloc 1685 212 0.01 0.0045 0.6 4.4 0.9 64.4 0.9 3.8
(923A)5100.75_DolBloc 1175 339 0.01 0.0124 0.8 3.3 0.8 43.8 0.8 23
(923A)5100.75_DolBloc 2724 100 0.00 0.0121 0.6 22.6 1.5 105.8 0.9 7.4
(923A)5100.75 DolRomb 801 1098 0.11 0.0241 1.0 1.3 2.9 35 0.8 1.3
(923A)5100.75 DolRomb 896 761 0.10 0.0212 1.0 2.0 3.7 4.5 0.8 1.6
(923A)5100.75 DolRomb 715 2276 0.11 0.0072 1.2 1.1 1.4 4.6 0.8 0.9
(923A)5100.75 DolRomb 1040 427 0.15 0.0085 0.9 2.9 9.6 3.8 0.8 23
(923A)5100.75 DolRomb 943 562 0.35 0.0020 1.1 25 17.7 2.1 0.6 1.9
(923A)5100.75 DolRomb 715 1859 0.13 0.0832 1.1 1.1 1.9 3.1 0.8 1.1
(923A)5100.75 DolRomb 779 962 0.28 0.0022 1.1 1.7 8.1 2.0 0.8 1.4
(923A)5100.75 DolRomb 821 954 0.09 0.0563 1.0 2.0 2.9 6.1 0.8 1.6

(923A)5100.75_DolRomb 817 874 0.20 0.0058 1.1 1.7 6.7 34 0.8 1.4
(923A)5100.75_DolRomb 834 746 0.29 0.0014 1.1 5.8 10.6 1.9 0.7 1.7
(923A)5100.75_DolRomb 920 678 0.13 0.0238 1.0 1.9 5.8 4.2 0.8 1.7
(923A)5100.75_DolRomb 893 684 0.34 0.0037 1.1 24 133 2.6 0.7 1.8
(923A)5100.75_DolRomb 1001 900 0.16 0.0204 1.0 3.8 6.7 7.7 0.8 2.6
(923A)5100.75_DolRomb 1216 334 0.15 0.0105 0.8 2.9 11.9 32 0.7 2.8
(923A)5100.75_DolRomb 772 1179 0.15 0.0059 1.1 1.4 3.6 3.7 0.8 1.1
(923A)5100.75_DolRomb 1078 373 0.01 0.2969 0.8 2.8 1.0 26.6 0.8 2.1
(923A)5100.75_DolRomb 833 623 0.57 0.0017 1.3 2.2 24.8 1.5 0.5 1.9
(923A)5100.75_DolRomb 983 522 0.49 0.0010 1.1 2.5 25.4 1.8 0.5 2.5
(923A)5100.75_DolRomb 787 888 0.43 0.0009 1.2 1.8 12.9 1.3 0.7 1.6
(923A)5100.75_DolRomb 764 743 0.50 0.0016 1.3 2.0 17.7 1.2 0.6 1.8
(928)5015.10.1_CalcShrub 906 1305 0.23 0.0038 0.9 1.2 5.7 2.6 0.8 1.2
(928)5015.10.1 CalcShrub 928 1228 0.13 0.1257 0.9 2.0 3.8 4.6 0.9 1.4
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(928)5015.10.1_CalcShrub 1020 852 0.12 0.2598 0.8 1.6 4.6 32 0.8 1.6
(928)5015.10.1_CalcShrub 778 4381 0.11 0.0160 1.0 0.7 1.0 4.8 0.9 0.6
(928)5015.10.1_CalcShrub 911 1491 0.09 0.0264 0.9 1.4 2.1 5.7 0.9 1.3
(928)5015.10.1_CalcShrub 973 1040 0.36 0.1832 1.0 2.1 12.7 3.6 0.7 1.8
(928)5015.10.1_CalcShrub 757 3697 0.12 0.0433 1.0 0.7 1.1 4.6 0.9 0.7
(928)5015.10.1_CalcShrub 807 3324 0.45 0.0162 1.0 1.3 9.4 4.2 0.8 1.1
(928)5015.10.1 CalcShrub 788 1543 0.47 0.0529 1.1 1.2 9.6 2.0 0.8 1.1
(928)5015.10.1_CalcShrub 946 1018 0.18 0.0269 0.9 1.6 6.3 3.8 0.8 1.5
(928)5015.10.1 _CalcShrub 970 988 0.13 0.0614 0.9 1.8 4.4 3.8 0.9 1.5
(928)5015.10.1_CalcShrub 1120 753 0.20 0.0163 0.8 24 93 35 0.8 2.1
(928)5015.10.1 _CalcShrub 1168 609 0.10 0.0845 0.8 2.6 6.0 5.8 0.9 2.1
(928)5015.10.1 CalcShrub 980 986 0.19 0.0083 0.9 1.7 6.6 35 0.8 1.6
(928)5015.10.1_CalcShrub 871 1216 0.18 0.0043 1.0 1.6 5.6 4.6 0.9 1.4
(928)5015.10.1 _CalcShrub 899 1129 0.35 0.0114 1.0 1.6 11.8 43 0.8 1.7
(928)5015.10.1_CalcShrub 743 2416 0.25 0.0342 1.1 1.4 34 35 0.9 1.0
(928)5015.10.1_CalcShrub 718 3045 0.15 0.0250 1.1 0.7 1.4 2.7 0.9 0.7
(928)5015.10.1_CalcShrub 774 1458 0.37 0.0027 1.1 1.1 7.4 2.2 0.8 1.0
(928)5015.10.1_CalcShrub 1028 730 0.17 0.0166 0.9 23 8.5 4.6 0.8 1.8

(928)5015.10.1_DolInt 642 2019 1.29 0.0035 1.5 1.1 18.9 1.6 0.6 1.3
(928)5015.10.1_DolInt 631 3008 1.57 0.0021 1.4 1.1 15.4 1.1 0.7 0.8
(928)5015.10.1_DolInt 688 4361 0.37 0.0061 1.2 1.7 3.0 3.8 0.8 0.7
(928)5015.10.1_DolInt 672 2453 0.94 0.0041 1.3 1.1 11.9 2.1 0.7 1.0
(928)5015.10.1_DolInt 825 1176 0.04 0.3892 1.0 1.3 1.0 9.3 0.9 1.2
(928)5015.10.1_DolInt 631 1625 1.14 0.0077 1.6 3.2 213 1.9 0.6 1.4
(928)5015.10.1_DolInt 642 1888 1.12 0.0018 1.4 1.1 17.2 1.6 0.7 1.1
(928)5015.10.1_DolInt 822 952 0.21 0.0067 1.0 2.1 6.6 3.5 0.8 2.2
(928)5015.10.1_DolInt 577 3166 2.04 0.0026 1.6 0.9 18.9 1.5 0.6 1.0
(928)5015.10.1 Dollnt 601 1454 1.51 0.0003 1.8 1.8 30.9 1.7 0.5 1.8
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238y/206Pp 1s% 207Pp/2%Ph 1s%
(928)5015.10.1_DolInt 683 1417 0.78 0.0376 1.4 1.6 16.8 2.7 0.6 1.5
(928)5015.10.1_DolInt 619 1810 1.31 0.0027 1.6 1.4 21.4 1.8 0.6 1.3
(928)5015.10.1_DolInt 553 1712 1.73 0.0009 2.0 2.2 293 2.0 0.5 2.9
(928)5015.10.1_DolInt 693 1427 0.68 0.0012 1.3 1.3 13.7 1.4 0.7 1.3
(928)5015.10.1_Dollnt 685 6826 0.24 0.0182 1.2 0.8 1.2 3.9 0.9 0.5
(928)5015.10.1_DolInt 695 2536 0.34 0.0057 1.2 0.9 3.8 1.9 0.8 0.7
(928)5015.10.1_Dollnt 723 1540 0.40 0.0018 1.2 1.2 7.5 2.2 0.8 1.1
(928)5015.10.1_Dollnt 659 3846 0.37 0.0051 1.2 0.6 2.7 1.9 0.8 0.6

Barstow 494 10092 85.52 0.0000 23 0.8 266.2 0.7 0.4 0.9
Barstow 459 9504 89.43 0.0000 2.6 0.7 295.6 0.5 0.3 0.7
Barstow 476 9282 85.93 0.0000 2.5 0.7 288.6 0.5 0.3 0.9
Barstow 502 8716 62.22 0.0000 2.1 1.3 221.0 2.0 0.4 1.8
Barstow 490 5148 47.39 0.0000 24 0.9 272.9 0.8 0.3 1.2
Barstow 492 4131 41.71 0.0000 2.5 1.0 296.7 0.6 0.3 1.0
Barstow 514 3689 32.61 0.0000 2.2 1.1 251.5 0.9 0.4 1.3
Barstow 504 6235 52.03 0.0000 2.2 0.8 230.8 0.4 0.4 0.7
Barstow 533 6584 49.21 0.0000 2.0 0.8 205.6 0.5 0.5 0.7
Barstow 480 6420 54.07 0.0000 2.2 0.8 218.7 0.6 0.4 0.8
Barstow 527 3973 37.06 0.0000 2.1 0.9 242.6 0.8 0.4 1.2
Barstow 470 4196 44.06 0.0000 2.5 1.1 272.5 0.6 0.3 0.9
Barstow 429 5853 62.61 0.0000 2.8 1.3 267.7 1.0 0.3 1.2
Barstow 506 4131 37.08 0.0010 2.2 1.5 251.4 1.3 0.4 1.9
Barstow 485 5117 49.41 0.0000 23 0.8 234.6 0.6 0.4 0.8
Barstow 422 4927 55.89 0.0000 2.7 0.8 257.6 0.6 0.4 0.9
Barstow 488 3857 44.01 0.0000 24 1.0 258.2 0.6 0.4 0.9
Barstow 470 4724 51.77 0.0000 2.4 0.9 248.8 0.8 0.4 1.1
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Identificador f206c  **Pb  Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
C Walnut 302 5093 3.02 0.0021 4.7 1.3 20.7 0.7 0.2 1.4
C Walnut 283 6862 4.27 0.0004 5.1 1.1 20.1 0.5 0.2 1.1
C Walnut 272 6935 4.36 0.0006 5.4 1.2 20.3 0.5 0.2 1.1
C Walnut 271 7112 4.53 0.0023 55 1.1 20.4 0.6 0.2 1.1
C Walnut 267 6102 3.99 0.0008 5.7 1.3 20.9 0.5 0.2 1.4
C Walnut 257 5464 3.87 0.0003 5.7 1.2 214 0.7 0.2 1.0
C Walnut 224 6570 4.63 0.0006 6.7 1.4 21.2 0.6 0.2 1.2
C Walnut 251 5731 3.84 0.0003 59 1.3 20.1 0.7 0.2 1.2
C Walnut 219 5387 3.97 0.0005 6.8 1.3 21.0 0.8 0.2 1.2
C Walnut 221 5201 3.95 0.0003 6.9 1.4 21.3 0.7 0.2 1.6
C Walnut 246 4552 341 0.0007 6.1 1.5 21.1 0.6 0.2 1.3
C Walnut 215 4858 4.12 0.0007 7.2 1.5 224 0.6 0.1 1.4
C Walnut 225 4399 3.59 0.0003 6.8 1.8 21.6 0.8 0.2 1.4
C Walnut 221 4455 3.65 0.0016 7.0 1.5 21.7 0.7 0.2 1.4
C Walnut 207 4526 3.94 0.0001 7.5 1.7 21.2 0.9 0.1 1.4
C Walnut 242 3693 3.08 0.0001 6.3 1.7 20.7 0.7 0.2 1.7
C Walnut 208 4490 3.92 0.0000 7.5 2.1 21.1 0.8 0.1 1.4
C Walnut 234 3298 2.96 0.0001 6.6 1.8 20.6 0.8 0.2 1.4
C Walnut 232 3321 3.01 0.0000 6.6 1.8 20.9 0.8 0.2 1.4
C Walnut 224 3523 3.27 0.0001 6.8 1.6 21.1 0.6 0.2 1.5
C Walnut 228 3953 3.81 0.0003 6.6 1.5 20.7 0.6 0.2 1.4
C Walnut 228 3350 3.34 0.0003 6.7 1.7 21.2 0.6 0.2 1.4
C Walnut 242 3036 2.93 0.0004 6.3 1.6 20.6 0.7 0.2 1.8
C Walnut 239 3011 3.16 0.0005 6.5 2.0 20.7 0.7 0.2 1.7
C Walnut 226 3321 3.55 0.0005 6.9 2.0 21.1 0.7 0.2 1.5
C Walnut 234 3963 4.02 0.0025 6.4 1.7 19.8 0.8 0.2 1.5
C Walnut 218 4452 5.08 0.0013 7.0 1.4 20.4 0.6 0.2 1.4
C Walnut 239 3077 3.55 0.0012 6.7 1.9 20.8 0.7 0.1 1.7
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%

C Walnut 226 4087 4.65 0.0067 6.7 1.9 20.4 0.6 0.2 1.8

C Walnut 229 2961 3.48 0.0004 7.2 2.8 21.0 0.7 0.1 2.0

C Walnut 212 4524 5.30 0.0003 7.2 1.3 20.8 0.6 0.2 1.2
(928)5049.95 DolOstra 644 1651 1.36 0.0002 1.5 1.5 23.1 2.1 0.6 1.6
(928)5049.95 DolOstra 709 1419 0.58 0.0003 1.2 1.5 11.2 2.2 0.7 1.3
(928)5049.95 DolOstra 839 677 0.28 0.0023 1.0 2.0 11.0 23 0.7 2.0
(928)5049.95 DolOstra 659 1341 1.00 0.0004 1.4 1.7 20.1 2.5 0.6 1.8
(928)5049.95 DolOstra 736 1079 0.39 0.0030 1.2 1.5 9.7 2.0 0.7 1.6
(928)5049.95 DolOstra 940 759 0.02 0.0110 0.9 2.2 0.9 22.7 0.9 2.0
(928)5049.95 DolOstra 887 755 0.13 0.0087 1.0 2.2 5.0 5.7 0.8 2.0
(928)5049.95 DolOstra 769 1213 0.06 0.0164 1.1 4.2 1.3 10.5 0.9 1.5
(928)5049.95 DolOstra 839 888 0.03 0.0191 1.0 1.8 1.1 15.5 0.9 1.7
(928)5049.95 DolOstra 784 1046 0.20 0.0113 1.1 1.7 53 3.7 0.8 1.7
(928)5049.95 DolOstra 909 826 0.17 0.1267 1.0 4.6 6.9 54 0.8 2.1
(928)5049.95 DolOstra 873 719 0.17 0.0331 1.0 2.7 6.8 4.7 0.8 2.1
(928)5049.95 DolOstra 849 836 0.14 0.0038 1.0 1.9 4.5 4.0 0.8 1.8
(928)5049.95 DolOstra 908 753 0.13 0.0071 1.0 2.2 4.8 4.7 0.8 1.9
(928)5049.95 DolOstra 840 823 0.14 0.0035 1.0 1.8 4.6 4.8 0.8 1.9
(928)5049.95 DolOstra 1151 352 0.04 0.0087 0.8 3.7 3.1 12.8 0.9 32
(928)5049.95 DolOstra 1128 364 0.04 0.0070 0.8 3.8 3.0 14.4 0.9 32
(928)5049.95 DolOstra 1129 383 0.05 0.0060 0.8 3.9 3.7 12.4 0.8 34
(928)5049.95 DolOstra 1251 327 0.05 0.0062 0.7 35 3.7 10.9 0.9 3.1
(928)5049.95 DolOstra 1173 395 0.03 0.0225 0.8 35 2.1 17.2 0.8 2.5
(928)5049.95 DolPonte 684 2027 0.43 0.0012 1.3 1.2 7.0 4.2 0.7 1.3
(928)5049.95 DolPonte 730 1132 0.51 0.0014 1.2 2.0 11.6 23 0.7 1.6
(928)5049.95 DolPonte 703 76169 0.47 0.0017 1.1 0.2 0.2 3.0 0.8 0.2
(928)5049.95 DolPonte 941 488 0.07 0.0054 0.9 2.6 3.5 7.9 0.9 2.5
(928)5049.95 DolPonte 2757 122 0.01 0.0052 0.5 7.2 1.7 103.7 0.9 9.8
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
(928)5049.95 DolPonte 772 940 0.31 0.0005 1.1 1.8 7.9 2.5 0.8 1.8
(928)5049.95 DolPonte 776 774 0.36 0.0008 1.1 1.9 12.2 34 0.7 1.9
(928)5049.95 DolPonte 679 2135 0.47 0.0003 1.2 1.0 55 2.6 0.8 1.0
(928)5049.95 DolPonte 835 683 0.19 0.0029 1.1 2.0 7.4 4.0 0.8 1.9
(928)5049.95 DolPonte 772 853 0.50 0.0002 1.2 2.0 14.6 2.6 0.7 1.8
(928)5049.95 DolPonte 737 856 0.47 0.0007 1.3 2.0 13.1 1.7 0.6 1.7
(928)5049.95 DolPonte 711 962 0.62 0.0001 1.3 1.8 15.6 2.0 0.7 1.7
(928)5049.95 DolPonte 693 1163 0.72 0.0002 1.3 1.6 14.8 1.6 0.7 1.5
(928)5049.95 DolPonte 714 1175 0.45 0.0000 1.2 1.5 9.3 24 0.7 1.5
(928)5049.95 DolPonte 747 1026 0.28 0.0001 1.1 1.5 6.6 24 0.8 1.6
(928)5049.95 DolPonte 654 1050 0.90 0.0000 1.5 24 20.0 1.1 0.6 1.9
(928)5049.95 DolPonte 686 1812 0.30 0.0034 1.2 1.1 4.0 2.6 0.8 1.0
(928)5049.95 DolPonte 812 602 0.26 0.0004 1.1 2.7 10.3 3.6 0.7 2.2
(928)5049.95 DolPonte 1062 305 0.06 0.0052 0.8 4.4 4.9 8.4 0.8 32
(928)5049.95 DolPonte 778 756 0.28 0.0002 1.1 2.0 8.4 35 0.8 1.7

(SPH-6)5113.00_CalcOstra 665 2320 1.68 0.0073 1.5 1.2 23.0 1.0 0.5 1.1
(SPH-6)5113.00_CalcOstra 697 1983 1.30 0.0010 1.4 1.7 20.5 1.2 0.6 1.6
(SPH-6)5113.00_CalcOstra 676 2691 1.58 0.0010 1.4 1.2 19.2 2.2 0.6 1.5
(SPH-6)5113.00_CalcOstra 736 44895 2.25 0.0042 1.1 0.9 1.7 35 0.8 0.2
(SPH-6)5113.00_CalcOstra 600 2791 2.47 0.0007 1.8 1.5 27.6 0.9 0.5 1.6
(SPH-6)5113.00_CalcOstra 552 3560 3.17 0.0003 2.0 1.3 27.7 0.9 0.4 1.3
(SPH-6)5113.00_CalcOstra 526 3576 3.54 0.0120 2.1 1.2 31.0 0.6 0.4 0.9
(SPH-6)5113.00_CalcOstra 335 3348 5.16 0.0008 4.5 1.9 479 0.7 0.2 1.6
(SPH-6)5113.00_CalcOstra 436 2764 3.91 0.0006 3.1 1.8 44.1 0.8 0.2 1.5
(SPH-6)5113.00_CalcOstra 538 2032 2.30 0.0004 2.2 1.9 353 1.2 0.3 1.5
(SPH-6)5113.00_CalcOstra 471 3211 3.70 0.0003 2.5 1.2 35.7 0.9 0.3 1.2
(SPH-6)5113.00_CalcOstra 429 2991 3.92 0.0018 3.0 1.5 40.7 0.8 0.3 1.5
(SPH-6)5113.00 CalcOstra 687 2525 1.08 0.0041 1.3 1.2 13.3 0.8 0.7 1.0
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5113.00_CalcOstra 725 2039 0.96 0.0034 1.3 1.1 14.7 0.9 0.6 1.0
(SPH-6)5113.00_CalcOstra 716 1931 0.85 0.0015 1.2 1.2 13.6 1.2 0.7 1.2
(SPH-6)5113.00_CalcOstra 709 2195 0.90 0.0011 1.3 1.2 12.6 1.2 0.7 1.0
(SPH-6)5113.00_CalcOstra 705 2077 0.90 0.0034 1.3 1.3 13.2 1.2 0.7 1.1
(SPH-6)5113.00_CalcOstra 724 1870 0.85 0.0073 1.2 1.2 13.9 1.2 0.7 1.1
(SPH-6)5113.00_CalcOstra 692 2277 0.92 0.0019 1.3 1.2 12.4 0.9 0.7 1.0
(SPH-6)5113.00 CalcOstra 688 2272 1.08 0.0302 1.3 1.1 14.4 1.0 0.7 1.1
(SPH-6)5113.00 CalcPart 602 3122 2.07 0.0004 1.6 1.1 18.5 1.3 0.6 1.1
(SPH-6)5113.00 CalcPart 449 2937 3.83 0.0002 2.7 1.5 36.5 0.9 0.3 1.4
(SPH-6)5113.00 CalcPart 602 2112 1.55 0.0017 1.6 1.4 20.6 0.8 0.5 1.2
(SPH-6)5113.00 CalcPart 314 3934 6.43 0.0001 4.4 1.7 45.5 0.8 0.2 1.5
(SPH-6)5113.00 CalcPart 462 3730 3.98 0.0003 24 1.3 29.5 0.7 0.4 1.2
(SPH-6)5113.00 CalcPart 558 2666 2.26 0.0004 1.8 1.0 23.4 0.7 0.5 1.0
(SPH-6)5113.00 CalcPart 444 2957 3.88 0.0002 2.7 1.2 36.0 0.8 0.3 1.2

(SPH-6)5113.00_CalcPart 550 2062 1.73 0.0003 1.9 1.3 23.4 0.9 0.5 1.2
(SPH-6)5113.00_CalcPart 502 1632 2.12 0.0079 24 2.0 35.7 0.9 0.3 2.0
(SPH-6)5113.00_CalcPart 568 1808 1.73 0.0006 1.8 1.3 26.3 0.9 0.5 1.3
(SPH-6)5113.00_CalcPart 537 2643 2.47 0.0002 2.0 24 25.7 1.5 0.5 1.6
(SPH-6)5113.00_CalcPart 452 2817 3.39 0.0003 2.6 1.3 33.0 1.0 0.4 1.2
(SPH-6)5113.00_CalcPart 491 2212 2.75 0.0002 23 1.5 33.7 0.7 0.4 1.4
(SPH-6)5113.00_CalcPart 488 2058 2.50 0.0003 24 1.7 33.0 0.8 0.4 1.4
(SPH-6)5113.00_CalcPart 470 2424 3.07 0.0004 25 1.7 34.0 0.7 0.4 1.5
(SPH-6)5113.00_CalcPart 557 1535 1.71 0.0008 2.0 1.8 30.0 1.0 0.4 1.4
(SPH-6)5113.00_CalcPart 546 1530 1.91 0.0008 2.1 1.9 33.7 1.1 0.4 1.4
(SPH-6)5113.00_CalcPart 574 2083 1.82 0.0007 1.8 1.3 23.4 1.0 0.5 1.4
(SPH-6)5113.00_CalcPart 496 3308 3.57 0.0003 2.2 1.1 28.7 0.7 0.4 1.0
(SPH-6)5113.00_CalcPart 590 2616 1.78 0.0019 1.6 1.0 18.2 0.8 0.6 1.1
(SPH-6)5113.00 DolBloc 1942 233 0.32 0.0039 0.8 9.7 43.6 34 0.3 7.0
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5113.00_DolBloc 1587 281 0.34 0.0085 0.8 4.9 383 2.6 0.4 7.0
(SPH-6)5113.00_DolBloc 1324 381 0.50 0.0111 1.0 4.0 40.2 2.1 0.3 5.5
(SPH-6)5113.00_DolBloc 1238 363 0.37 0.0073 0.9 35 31.1 2.2 0.5 4.0
(SPH-6)5113.00_DolBloc 1073 479 0.57 0.0025 1.2 4.9 35.8 2.0 0.4 3.6
(SPH-6)5113.00_DolBloc 1112 445 0.53 0.0024 1.1 34 36.4 2.4 0.4 4.2
(SPH-6)5113.00_DolBloc 1081 429 0.61 0.0013 1.4 9.5 433 2.4 0.3 6.1
(SPH-6)5113.00 DolBloc 1734 261 0.31 0.0011 0.8 43 36.9 3.2 0.4 5.5
(SPH-6)5113.00 DolBloc 1413 289 0.39 0.0031 1.0 5.8 40.3 2.7 0.4 6.3
(SPH-6)5113.00 DolBloc 1074 453 0.39 0.0038 1.0 34 25.8 1.9 0.6 33
(SPH-6)5113.00 DolBloc 1769 248 0.26 0.0052 0.7 4.5 33.1 35 0.4 6.4
(SPH-6)5113.00 DolBloc 1626 261 0.13 0.0063 0.6 35 16.3 4.1 0.7 4.1
(SPH-6)5113.00 DolBloc 1417 308 0.24 0.0180 0.8 3.6 23.2 3.0 0.6 33
(SPH-6)5113.00 DolBloc 1240 353 0.24 0.0056 0.9 3.1 20.5 2.8 0.6 3.7
(SPH-6)5113.00 DolBloc 1342 270 0.17 0.0087 0.8 4.6 18.7 43 0.6 3.6
(SPH-6)5113.00_DolBloc 1196 388 0.29 0.0074 0.9 3.8 22.1 2.7 0.6 3.6
(SPH-6)5113.00_DolBloc 1147 418 0.25 0.0568 1.1 18.4 18.3 2.8 0.6 34
(SPH-6)5113.00_DolBloc 904 703 0.30 0.0359 1.0 24 12.1 1.9 0.7 2.1
(SPH-6)5113.00_DolBloc 1372 343 0.16 0.0295 0.8 6.2 14.2 35 0.6 3.6
(SPH-6)5113.00_DolBloc 1679 226 0.21 0.0057 0.7 93 27.1 5.0 0.6 6.5
(SPH-6)5127.90 CalcPart 649 4452 0.39 0.0072 1.2 0.7 1.7 2.6 0.8 0.6
(SPH-6)5127.90 CalcPart 628 2620 1.22 0.0010 1.4 0.9 8.9 1.4 0.7 1.0
(SPH-6)5127.90 CalcPart 630 2392 1.20 0.0013 1.4 1.0 9.9 1.3 0.7 1.0
(SPH-6)5127.90 CalcPart 631 3711 0.78 0.0016 1.3 0.8 4.0 1.1 0.8 0.7
(SPH-6)5127.90 CalcPart 581 2383 2.18 0.0016 1.6 1.1 17.6 1.3 0.6 1.2
(SPH-6)5127.90 CalcPart 612 5280 1.52 0.0011 1.4 0.6 5.5 0.9 0.8 0.6
(SPH-6)5127.90 CalcPart 596 3451 1.75 0.0004 1.5 0.9 9.7 0.9 0.7 0.8
(SPH-6)5127.90 CalcPart 597 2120 1.78 0.0008 1.5 1.1 15.9 1.4 0.6 0.9
(SPH-6)5127.90 CalcPart 581 2351 2.09 0.0010 1.6 1.6 16.8 1.4 0.6 1.2
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
(SPH-6)5127.90 CalcPart 576 2139 1.88 0.0007 1.6 1.1 16.8 1.1 0.6 1.3
(SPH-6)5127.90 CalcPart 644 3182 0.78 0.0020 1.3 0.8 4.6 1.1 0.8 0.8
(SPH-6)5127.90_CalcPart 633 4562 1.00 0.0018 1.3 0.7 4.1 1.3 0.8 0.7
(SPH-6)5127.90_CalcPart 612 3985 1.46 0.0011 1.4 0.8 6.8 1.0 0.8 0.7
(SPH-6)5127.90_CalcPart 615 4131 1.54 0.0014 1.4 0.7 6.9 0.9 0.8 0.7
(SPH-6)5127.90 CalcPart 617 4627 1.37 0.0031 1.3 0.8 53 0.8 0.8 0.6
(SPH-6)5127.90 CalcPart 642 4651 0.61 0.0036 1.3 0.6 24 1.0 0.8 0.5
(SPH-6)5127.90 CalcPart 620 3034 1.18 0.0022 1.4 0.8 7.1 1.1 0.8 0.8
(SPH-6)5127.90 CalcPart 629 4102 1.21 0.0021 1.3 0.7 54 0.8 0.8 0.6
(SPH-6)5127.90 CalcPart 633 4566 0.64 0.0033 1.3 0.7 25 1.7 0.8 0.6
(SPH-6)5127.90 CalcPart 630 3618 1.10 0.0017 1.3 0.8 55 1.1 0.8 0.8
(928)5049.95 DolPooled 640 1667 1.36 0.0002 1.5 1.5 22.7 23 0.6 1.6
(928)5049.95 DolPooled 700 1526 0.59 0.0046 1.2 1.4 10.6 2.9 0.8 1.3
(928)5049.95 DolPooled 829 746 0.28 0.0022 1.0 1.8 10.3 3.0 0.8 1.9
(928)5049.95 DolPooled 662 1230 1.02 0.0004 1.4 2.0 21.6 1.6 0.6 1.8
(928)5049.95 DolPooled 732 1107 0.39 0.0026 1.2 1.4 9.5 2.2 0.7 1.5
(928)5049.95 DolPooled 962 528 0.02 0.0306 0.9 2.9 1.2 23.1 0.8 2.6
(928)5049.95 DolPooled 888 807 0.13 0.0058 1.0 2.0 4.7 6.1 0.8 2.0
(928)5049.95 DolPooled 741 1346 0.06 0.0216 1.1 4.1 1.3 93 0.9 1.4
(928)5049.95 DolPooled 834 739 0.03 0.0208 1.0 2.1 1.2 17.4 0.8 2.0
(928)5049.95 DolPooled 788 948 0.20 3.8689 1.1 1.8 5.6 32 0.8 1.8
(928)5049.95 DolPooled 915 691 0.17 0.0058 1.0 5.1 7.3 53 0.8 23
(928)5049.95 DolPooled 868 760 0.17 0.0130 1.0 24 6.6 4.9 0.8 2.1
(928)5049.95 DolPooled 848 780 0.14 0.0049 1.0 2.0 4.6 4.1 0.8 1.9
(928)5049.95 DolPooled 918 551 0.11 0.0175 1.0 2.8 5.1 4.9 0.8 2.4
(928)5049.95 DolPooled 833 771 0.14 0.0035 1.0 1.9 4.8 4.8 0.8 1.9
(928)5049.95 DolPooled 1167 301 0.04 0.0083 0.8 4.2 33 13.9 0.8 3.6
(928)5049.95 DolPooled 1198 257 0.04 0.0044 0.7 4.8 3.5 17.2 0.9 4.4
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
(928)5049.95 _DolPooled 1189 321 0.05 0.0049 0.7 4.4 43 11.8 0.9 4.1
(928)5049.95 _DolPooled 1287 268 0.04 0.0048 0.7 43 4.1 15.2 0.9 4.1
(928)5049.95 _DolPooled 1255 299 0.03 0.0026 0.7 4.2 2.6 19.2 0.8 3.1
(928)5049.95 _DolPooled 689 1555 0.42 0.0013 1.2 1.5 7.8 3.6 0.7 1.5
(928)5049.95 _DolPooled 731 1104 0.51 0.0009 1.2 2.1 11.7 2.2 0.7 1.6
(928)5049.95 _DolPooled 705 65211 0.46 0.0021 1.1 0.2 0.2 2.7 0.8 0.2
(928)5049.95 DolPooled 996 384 0.07 0.0021 0.9 32 4.2 8.6 0.9 3.1
(928)5049.95 DolPooled 3038 91 0.01 0.0063 0.4 8.5 1.5 139.6 0.9 11.3
(928)5049.95 DolPooled 786 875 0.30 0.0005 1.1 2.1 8.3 2.5 0.8 2.1
(928)5049.95 DolPooled 779 694 0.35 0.0008 1.1 2.1 12.5 2.9 0.7 2.0
(928)5049.95 DolPooled 675 2102 0.48 0.0003 1.2 1.1 5.6 2.7 0.8 1.0
(928)5049.95 DolPooled 845 608 0.19 0.0017 1.0 2.2 7.9 3.7 0.8 2.1
(928)5049.95 DolPooled 777 788 0.50 0.0002 1.2 2.2 15.3 23 0.7 2.0
(928)5049.95 DolPooled 735 861 0.47 0.0005 1.3 2.1 13.0 1.8 0.6 1.8
(928)5049.95 DolPooled 710 953 0.62 0.0001 1.3 2.0 15.5 1.8 0.7 1.8
(928)5049.95 DolPooled 699 1118 0.72 0.0001 1.3 1.8 15.1 1.5 0.7 1.5
(928)5049.95 DolPooled 709 1294 0.46 0.0000 1.2 1.5 8.9 3.1 0.7 1.5
(928)5049.95 DolPooled 745 1011 0.28 0.0001 1.1 1.5 6.6 24 0.8 1.7
(928)5049.95 DolPooled 656 1041 0.90 0.0000 1.5 23 19.9 1.1 0.6 1.8
(928)5049.95 DolPooled 682 1947 0.30 0.0022 1.2 1.0 3.7 3.2 0.8 1.0
(928)5049.95 DolPooled 799 624 0.25 0.0043 1.1 2.9 9.5 3.1 0.7 2.4
(928)5049.95 DolPooled 1046 317 0.06 0.0032 0.8 3.7 4.5 8.7 0.8 2.9
(928)5049.95 DolPooled 777 762 0.28 0.0003 1.1 2.0 8.4 34 0.8 1.7

Barstow 544 14798 102.97 0.0000 2.0 0.6 221.0 0.8 0.4 0.6
Barstow 508 12711 98.74 0.0000 2.2 0.5 246.3 0.6 0.4 0.6
Barstow 584 14748 88.31 0.0000 1.7 0.6 190.3 1.1 0.5 0.6
Barstow 437 9220 83.71 0.0000 2.7 0.8 271.2 0.6 0.3 0.7
Barstow 479 9936 76.04 0.0000 23 0.8 228.9 0.6 0.4 0.8
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Identificador f206c  2Pb  Uppm Th/U 206pp/204ph 1s% 238U/2%6Pp 1s% 207Pp/2%Ph 1s%
Barstow 519 9547 66.41 0.0000 2.0 0.6 206.7 0.5 0.5 0.7
Barstow 507 8417 59.18 0.0000 2.0 0.5 196.6 0.6 0.5 0.6
Barstow 408 9358 91.13 0.0000 2.9 0.8 273.2 0.9 0.3 1.0
Barstow 425 10419 93.98 0.0000 2.7 1.0 2523 0.6 0.4 1.1
Barstow 474 3895 40.06 0.0000 2.5 1.1 270.2 0.7 0.3 1.0
Barstow 438 6052 61.33 0.0000 2.7 0.8 264.3 0.5 0.3 0.8
Barstow 420 9193 92.40 0.0000 2.8 0.7 262.6 0.6 0.3 1.2
Barstow 418 7465 79.51 0.0000 2.8 0.8 259.7 0.5 0.3 0.9
Barstow 436 5491 57.53 0.0000 2.7 0.9 2554 0.7 0.3 0.8
Barstow 451 7462 71.30 0.0000 25 0.7 2324 0.7 0.4 0.7
Barstow 480 4083 41.84 0.0000 23 0.9 232.0 0.7 0.4 0.9
Barstow 386 5185 63.23 0.0000 32 0.8 274.0 0.7 0.3 1.3
Barstow 416 6442 75.74 0.0000 2.8 0.9 264.6 0.5 0.3 0.9
Barstow 492 11637 80.26 0.0000 2.1 1.7 160.5 3.2 0.5 2.0
Barstow 402 5167 66.59 0.0000 3.0 0.9 269.8 0.6 0.3 1.1
Barstow 550 6503 41.61 0.0000 1.7 0.6 134.0 0.7 0.6 0.6
Barstow 438 3373 46.53 0.0000 2.8 1.0 266.8 0.7 0.3 1.1
Barstow 474 7814 79.29 0.0000 2.2 0.7 195.0 0.6 0.5 0.7
Barstow 380 5524 80.51 0.0001 33 1.0 279.9 0.7 0.3 1.1
Barstow 417 6297 88.22 0.0000 2.8 0.8 249.0 0.7 0.3 0.8
Barstow 400 5420 86.59 0.0000 3.1 1.0 280.2 0.5 0.3 1.0
Barstow 453 7824 96.12 0.0000 2.4 1.0 216.3 1.1 0.4 1.3
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
C Walnut 232 3098 5.99 0.0031 6.8 1.3 21.8 2.0 0.1 9.5
C Walnut 314 2931 5.55 0.0181 4.8 1.8 21.0 0.8 0.2 1.8
C Walnut 354 2575 4.72 0.0011 4.2 1.9 20.7 1.4 0.2 2.2
C Walnut 498 1815 3.15 0.0040 3.0 2.9 19.4 0.9 0.2 2.5
C Walnut 345 2597 4.98 0.0042 4.4 1.8 21.5 0.8 0.2 1.8
C Walnut 284 3317 5.48 0.0021 54 24 19.8 0.7 0.2 1.6
C Walnut 320 2237 3.80 0.0010 4.8 24 20.4 0.8 0.2 2.2
C Walnut 305 2471 4.34 0.0563 5.1 2.5 21.1 0.8 0.2 2.0
C Walnut 297 2338 4.01 0.0020 54 2.7 22.0 1.0 0.1 23
C Walnut 330 1874 3.02 0.0032 4.7 2.8 20.8 0.9 0.2 2.1
C Walnut 229 3695 6.01 0.0004 6.8 1.7 20.9 0.7 0.1 1.4
C Walnut 258 2146 3.38 0.0001 6.6 3.1 21.5 1.0 0.1 2.4
C Walnut 197 3507 5.75 0.0000 8.2 2.1 22.4 0.7 0.1 1.7
C Walnut 205 3320 5.36 0.0000 8.1 2.7 22.1 0.9 0.1 2.1
C Walnut 246 3684 5.07 0.0009 6.3 1.9 19.9 0.9 0.2 23
C Walnut 186 4082 6.22 0.0010 8.8 1.7 22.0 0.7 0.1 1.6
C Walnut 503 932 1.22 0.0026 3.0 33 18.9 1.2 0.2 34
C Walnut 314 2225 2.96 0.0069 4.8 2.2 20.2 0.9 0.2 1.9
C Walnut 199 3765 5.35 0.0018 8.2 2.5 21.6 0.6 0.1 1.9
C Walnut 206 3652 4.80 0.0032 7.9 2.1 20.0 0.8 0.1 1.7
C Walnut 299 2335 3.05 0.0040 5.1 23 19.9 0.7 0.2 1.7
C Walnut 199 4133 5.60 0.0013 8.1 2.2 20.7 0.8 0.1 1.9
(928)5020.10_DolRomb 735 1424 1.07 0.0057 1.2 1.5 9.6 2.5 0.7 1.4
(928)5020.10_DolRomb 837 1131 0.29 0.0289 1.0 1.8 33 4.4 0.8 1.8
(928)5020.10_DolRomb 878 674 0.67 0.0060 1.0 2.2 13.2 34 0.8 2.5
(928)5020.10_DolRomb 679 1953 1.24 0.0028 1.2 1.2 7.9 2.2 0.8 1.1
(928)5020.10 DolRomb 1044 527 0.14 0.1333 0.8 34 33 10.3 0.9 2.8
(928)5020.10 DolRomb 3364 118 0.01 0.0316 0.4 6.6 7.7 70.8 0.7 19.2
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Identificador f206c  2Pb  Uppm Th/U 206pp/204Ph 15s% 238y/2%6Pp 15s% 207Pp/2%Ph 1s%
(928)5020.10_DolRomb 1063 455 0.26 0.0545 0.9 34 7.7 5.0 0.8 2.5
(928)5020.10_DolRomb 3108 79 0.02 0.0703 0.3 6.4 7.1 63.9 2.0 31.9
(928)5020.10_DolRomb 938 500 0.76 1.8917 1.2 6.4 19.5 2.9 0.6 3.1
(928)5020.10_DolRomb 642 5255 0.89 0.0052 1.2 0.6 2.2 23 0.8 0.6
(928)5020.10_DolRomb 664 2123 1.51 0.0012 1.3 1.3 9.0 1.3 0.8 1.2
(928)5020.10_DolRomb 625 2974 1.93 0.0019 1.4 1.0 8.3 1.7 0.7 1.2
(928)5020.10 DolRomb 648 2197 1.73 0.0026 1.3 1.1 10.1 1.7 0.8 1.4
(928)5020.10 DolRomb 697 1230 1.05 0.0070 1.3 1.6 11.3 3.2 0.7 1.7
(928)5020.10 DolRomb 639 2114 1.58 0.0055 1.4 1.3 9.6 1.8 0.7 1.2
(928)5020.10 DolRomb 607 2993 243 0.0037 1.4 1.0 10.4 1.1 0.7 1.0
(928)5020.10 DolRomb 661 1935 1.02 0.0315 1.3 1.3 6.7 1.5 0.7 1.2
(928)5020.10 DolRomb 628 4337 1.76 0.0026 1.3 0.9 5.7 3.8 0.8 0.9
(928)5020.10 DolRomb 634 1651 1.51 0.0031 1.4 1.5 11.7 1.6 0.7 1.4
(928)5020.10 DolRomb 641 2166 1.65 0.0015 1.3 1.2 9.9 1.7 0.7 1.2

(928)5020.10_DolSel 857 957 0.88 0.0162 1.0 2.0 11.3 33 0.8 2.0
(928)5020.10_DolSel 776 1574 0.82 0.1326 1.0 1.3 6.1 2.7 0.9 1.3
(928)5020.10_DolSel 737 1811 0.89 0.1057 1.1 1.3 5.9 3.0 0.9 1.2
(928)5020.10_DolSel 843 1389 0.72 0.0270 1.0 1.3 6.5 3.7 0.9 1.5
(928)5020.10_DolSel 1101 1463 -0.01 0.1434 1.0 12.6 -0.2 -196.2 0.9 2.1
(928)5020.10_DolSel 1089 756 0.90 0.0668 1.0 3.1 19.9 5.0 0.7 34
(928)5020.10_DolSel 1202 569 0.79 0.0943 0.9 2.8 20.8 5.2 0.7 3.6
(928)5020.10_DolSel 3304 306 -0.01 0.0751 0.4 12.1 -0.2 -1864.5 1.1 16.1
(928)5020.10_DolSel 1008 567 0.92 0.0401 1.0 33 20.6 35 0.7 2.6
(928)5020.10_DolSel 918 855 0.47 0.0096 0.9 2.0 6.4 2.9 0.8 1.6
(928)5020.10_DolSel 793 1231 0.64 0.0301 1.0 1.8 6.8 4.0 0.8 1.4
(928)5020.10_DolSel 699 3769 0.33 0.0238 1.1 1.0 1.1 5.0 0.9 0.8
(928)5020.10_DolSel 697 1436 2.12 0.0103 1.3 1.4 17.8 2.6 0.7 1.6
(928)5020.10 DolSel 723 1139 1.64 0.0113 1.3 2.2 17.8 2.7 0.7 1.7
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Identificador f206c  2Pb  Uppm Th/U 206pp/204Ph 15s% 238y/2%6Pp 15s% 207Pp/2%Ph 1s%
(928)5020.10_DolSel 682 1350 2.28 0.0054 1.4 1.6 21.6 3.0 0.6 2.0
(928)5020.10_DolSel 734 1020 1.34 0.0264 1.3 1.8 15.8 2.0 0.7 1.6
(928)5020.10_DolSel 624 1610 2.67 0.0154 1.5 1.4 20.4 2.5 0.6 1.5
(928)5020.10_DolSel 671 1780 2.53 0.0523 1.3 1.6 17.2 2.2 0.7 1.3
(928)5020.10_DolSel 684 1308 2.05 0.0040 1.3 1.5 19.7 2.7 0.7 1.5
(928)5020.10_DolSel 702 1612 1.25 0.1020 1.2 1.2 10.0 32 0.8 1.3
(928)5020.10 Peloid 652 1920 0.95 0.0013 1.3 1.2 6.7 2.6 0.8 1.2
(928)5020.10 Peloid 634 1565 1.83 0.0024 1.5 1.5 15.7 2.5 0.6 1.6
(928)5020.10 Peloid 561 3743 3.94 0.0039 1.7 1.7 14.3 3.1 0.6 1.5
(928)5020.10 Peloid 687 1700 0.73 0.0304 1.2 1.2 5.7 2.5 0.8 1.2
(928)5020.10 Peloid 632 1403 1.48 0.0042 1.5 1.6 14.0 1.5 0.6 1.5
(928)5020.10 Peloid 668 1549 1.08 0.0013 1.3 1.4 93 1.8 0.7 1.4
(928)5020.10 Peloid 627 1615 1.87 0.0140 1.5 1.5 15.6 1.9 0.6 1.4
(928)5020.10 Peloid 708 1254 0.32 0.0060 1.1 1.7 34 34 0.8 1.3
(928)5020.10 Peloid 654 1468 1.26 0.0010 1.4 1.4 11.4 1.9 0.7 1.5
(928)5020.10 Peloid 508 2737 4.56 0.0002 2.0 2.1 235 2.8 0.5 2.6
(928)5020.10 Peloid 698 1267 0.82 0.0078 1.2 1.2 9.1 2.5 0.8 1.5
(928)5020.10 Peloid 625 2125 1.61 0.0012 1.4 1.1 10.2 1.6 0.7 1.2
(928)5020.10 Peloid 645 1868 1.00 0.0009 1.3 1.5 7.5 2.7 0.8 1.4
(928)5020.10 Peloid 617 1408 1.74 0.0014 1.5 1.9 17.4 2.1 0.6 1.5
(928)5020.10 Peloid 736 1091 0.67 0.0040 1.2 1.9 83 2.2 0.8 1.4
(928)5020.10 Peloid 668 1531 0.63 0.0007 1.2 1.2 5.6 1.9 0.8 1.2
(928)5020.10 Peloid 606 1668 1.82 0.0006 1.5 1.6 15.0 1.8 0.6 1.5
(928)5020.10 Peloid 711 1181 0.54 0.0029 1.2 1.6 6.5 2.6 0.8 1.4
(928)5020.10 Peloid 699 1042 0.51 0.0008 1.2 1.8 6.7 2.4 0.8 1.5
(928)5020.10 Peloid 654 1342 1.20 0.0003 1.4 1.7 12.2 1.5 0.7 1.5

(SPH-6)5132.50 DolSel 983 887 0.11 0.0013 0.9 2.8 3.7 12.3 0.9 2.2
(SPH-6)5132.50 DolSel 2310 182 0.01 0.0065 0.5 53 -0.7 -124.3 0.9 5.6
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Identificador f206c  2Pb  Uppm Th/U 206pp/204Ph 15s% 238y/2%6Pp 15s% 207Pp/2%Ph 1s%
(SPH-6)5132.50_DolSel 960 826 0.02 0.0032 0.9 2.6 0.3 61.4 0.9 2.0
(SPH-6)5132.50_DolSel 633 4886 0.91 0.0003 1.3 0.6 2.6 1.5 0.8 0.6
(SPH-6)5132.50_DolSel 633 11573 1.50 0.0003 1.3 1.2 1.9 2.5 0.9 0.5
(SPH-6)5132.50_DolSel 699 1785 0.10 0.2424 1.2 1.2 0.8 7.1 0.8 1.0
(SPH-6)5132.50_DolSel 1150 367 0.26 0.0010 0.9 3.9 11.5 4.7 0.7 3.0
(SPH-6)5132.50_DolSel 1049 455 0.23 0.0035 0.9 32 8.4 5.5 0.7 24
(SPH-6)5132.50 DolSel 925 556 0.03 0.0103 0.9 2.6 0.8 28.0 0.9 2.2
(SPH-6)5132.50 DolSel 1213 284 0.20 0.0045 0.8 33 10.9 54 0.8 34
(SPH-6)5132.50 DolSel =723 6 -0.01 0.1354 0.0 89.3 23 4293 0.3 75.0
(SPH-6)5132.50 DolSel 2164 238 -0.01 0.0188 0.6 6.5 -1.6 -57.3 0.9 4.6
(SPH-6)5132.50 DolSel 936 441 0.05 0.1377 0.9 2.9 1.3 18.4 0.9 2.6
(SPH-6)5132.50 DolSel 819 583 0.05 0.1553 1.0 35 1.1 17.1 0.9 1.8
(SPH-6)5132.50 DolSel 822 754 0.03 0.0184 1.0 2.1 0.6 29.7 0.8 1.8
(SPH-6)5132.50 DolSel 709 1108 0.03 0.0391 1.1 1.7 0.4 24.5 0.9 1.4
(SPH-6)5132.50 DolSel 1160 401 0.27 0.0150 0.9 3.7 11.2 5.8 0.7 2.7
(SPH-6)5132.50_DolSel 1573 267 0.07 0.0239 0.7 4.2 3.9 13.5 0.9 4.0
(SPH-6)5132.50 DolSel 1155 269 0.30 0.3104 1.0 6.1 18.0 4.5 0.7 4.0
(SPH-6)5132.50 DolSel 3643 17 0.00 0.0856 0.1 22.7 -0.4 -1951.3 0.3 73.2
(SPH-6)5132.50 Peloid 480 3360 5.81 0.0003 2.2 1.4 25.6 2.1 0.5 1.7
(SPH-6)5132.50 Peloid 604 9792 1.91 0.0007 1.3 0.5 2.9 1.8 0.8 0.5
(SPH-6)5132.50 Peloid 580 6618 3.71 0.0004 1.5 0.6 8.2 1.2 0.7 0.5
(SPH-6)5132.50 Peloid 468 1534 2.98 0.0006 2.7 2.1 293 1.9 0.3 2.6
(SPH-6)5132.50 Peloid 489 3249 5.05 0.0025 2.1 1.6 24.0 2.2 0.5 1.8
(SPH-6)5132.50 Peloid 507 2171 3.94 0.0008 2.1 1.5 27.1 1.2 0.5 1.2
(SPH-6)5132.50 Peloid 413 3307 7.43 0.0003 2.8 1.5 333 1.4 0.4 1.7
(SPH-6)5132.50 Peloid 565 5525 4.06 0.0009 1.6 0.7 10.9 0.9 0.7 0.7
(SPH-6)5132.50 Peloid 595 7960 2.75 0.0025 1.4 0.5 5.1 1.0 0.8 0.5
(SPH-6)5132.50 Peloid 592 3641 1.86 0.0031 1.5 0.9 7.7 2.0 0.7 0.8
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Identificador f206c  2Pb  Uppm Th/U 206pp/204Ph 15s% 238y/2%6Pp 15s% 207Pp/2%Ph 1s%
(SPH-6)5132.50 Peloid 1156 255 0.20 0.2609 0.9 5.2 12.2 4.0 0.7 34
(SPH-6)5132.50 Peloid 577 4386 2.35 0.0022 1.5 1.2 8.6 2.9 0.7 1.0
(SPH-6)5132.50 Peloid 472 2554 4.75 0.0004 23 1.2 28.4 1.2 0.4 1.4
(SPH-6)5132.50 Peloid 501 2241 3.63 0.0005 2.1 1.1 24.5 1.1 0.5 1.0
(SPH-6)5132.50 Peloid 587 8960 3.37 0.0008 1.4 0.5 5.7 0.8 0.8 0.5
(SPH-6)5132.50 Peloid 540 1452 2.14 0.0122 2.0 1.7 22.4 1.1 0.5 1.8
(SPH-6)5132.50 Peloid 619 2652 0.86 0.0068 1.4 1.0 5.0 23 0.8 0.9
(SPH-6)5132.50 Peloid 514 2945 3.14 0.0052 1.9 1.6 16.7 2.0 0.5 1.6
(SPH-6)5132.50 Peloid 565 7077 3.82 0.0008 1.5 0.8 8.5 24 0.7 0.8
(SPH-6)5132.50 Peloid 519 2647 3.67 0.0013 2.0 1.6 21.7 2.9 0.5 2.0

Barstow 473 8498 192.12  0.0001 24 0.8 2533 0.5 0.4 0.8
Barstow 491 7812 163.26  0.0001 23 0.7 235.8 0.7 0.4 0.7
Barstow 565 8882 132.41  0.0001 1.7 0.6 169.0 1.0 0.5 0.7
Barstow 450 10428 196.69  0.0000 24 0.6 227.2 0.6 0.4 0.7
Barstow 410 8201 173.52  0.0000 2.8 0.7 256.0 0.6 0.4 0.8
Barstow 428 8797 181.97  0.0001 2.7 0.6 250.6 0.4 0.4 0.7
Barstow 463 6963 114.47  0.0000 23 0.9 2121 1.1 0.4 1.1
Barstow 442 7532 133.90  0.0000 2.5 0.8 2293 0.6 0.4 0.9
Barstow 408 7958 157.70  0.0000 2.8 0.8 256.7 0.5 0.4 0.8
Barstow 352 6620 140.18  0.0000 3.6 1.1 288.9 0.7 0.3 1.2
Barstow 474 7082 107.36  0.0000 2.2 0.7 208.3 0.6 0.4 0.8
Barstow 404 7080 130.50  0.0000 2.9 0.8 253.6 0.6 0.4 1.0
Barstow 413 7445 119.54  0.0001 2.7 0.7 232.6 0.5 0.4 0.7
Barstow 466 7295 101.07  0.0000 23 0.7 200.7 0.7 0.4 0.8
Barstow 445 6451 97.84 0.0000 2.5 0.8 221.1 0.7 0.4 0.7
Barstow 389 7380 119.50  0.0001 3.0 0.7 2471 0.6 0.3 0.9
Barstow 410 7640 115.77  0.0000 2.8 0.8 232.5 0.6 0.4 1.0
Barstow 401 7749 120.95  0.0000 2.9 0.7 239.6 0.5 0.4 0.8
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
C Walnut 288 2707 3.47 0.0003 5.6 1.8 30.1 5.8 0.1 8.4
C_Walnut 298 2784 3.21 0.0040 55 2.8 20.8 1.1 0.1 2.1
C Walnut 248 3262 3.94 0.0030 6.5 23 20.9 1.4 0.1 1.9
C_Walnut 283 3136 3.49 0.0079 5.7 2.5 19.5 1.3 0.1 1.7
C Walnut 250 4463 5.18 0.0028 7.0 33 21.7 1.3 0.1 3.6
C_Walnut 204 4127 5.16 0.0106 8.1 1.9 21.5 1.2 0.1 1.8
C Walnut 209 4428 5.35 0.0078 7.8 2.1 20.7 1.0 0.1 1.7
C_Walnut 200 4226 5.36 0.0037 8.2 2.1 21.7 1.2 0.1 1.9
C Walnut 237 2560 3.20 0.0008 7.0 2.7 21.6 1.2 0.1 2.2
C_Walnut 298 2138 2.57 0.0054 5.1 2.4 19.6 1.2 0.2 23
C Walnut 242 2982 3.59 0.0046 6.5 1.8 20.9 1.3 0.2 1.7
C_Walnut 195 3552 4.67 0.1212 8.5 2.1 21.6 1.3 0.1 1.6
C Walnut 267 2400 3.01 0.0045 5.8 2.6 20.2 1.2 0.2 2.4
C_Walnut 234 2829 3.70 0.0018 6.9 2.2 22.2 1.2 0.1 1.7
C Walnut 264 2948 3.62 0.0010 5.8 23 20.3 1.2 0.2 1.7
C_Walnut 216 3578 4.50 0.0005 7.3 2.0 20.7 1.1 0.1 1.6
C Walnut 281 2979 3.57 0.0011 54 23 19.4 1.2 0.2 2.2
C_Walnut 245 3050 3.86 0.0267 6.3 2.4 20.3 1.2 0.2 1.6
C Walnut 174 3661 5.42 0.0005 9.9 24 23.2 1.2 0.1 1.9
C_Walnut 227 3394 4.35 0.0023 7.0 2.2 20.2 1.1 0.1 2.0
C Walnut 255 2469 3.57 0.0001 6.3 2.1 22.9 1.2 0.1 1.9
C_Walnut 242 3088 4.00 0.0000 6.3 1.9 20.4 1.1 0.2 1.8
C Walnut 279 2228 2.96 0.0000 5.7 33 19.7 1.3 0.2 2.0
C_Walnut 245 2483 342 0.0002 6.5 2.7 20.0 1.5 0.2 2.2
C Walnut 243 2652 3.68 0.0036 6.5 2.4 20.9 1.7 0.1 2.8
C_Walnut 202 3332 4.80 0.0003 8.0 2.1 21.4 1.1 0.1 1.8
C Walnut 203 3205 4.60 0.0010 8.1 2.5 21.1 1.1 0.1 1.6
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
C Walnut 264 2292 3.17 0.0013 6.1 2.9 21.0 1.3 0.1 2.1
(923A)5090.95_DolBloc 2120 155 0.14 1.2194 0.6 7.1 19.5 6.8 0.7 7.0
(923A)5090.95 DolBloc 1869 195 0.14 0.0461 0.6 4.7 13.6 5.9 0.6 43
(923A)5090.95_DolBloc 2244 153 0.11 0.0638 0.5 6.0 15.2 7.3 0.7 6.4
(923A)5090.95 DolBloc 3280 99 0.12 0.0500 0.4 6.2 26.3 7.9 0.6 10.9
(923A)5090.95_DolBloc 2745 107 0.11 2.1402 0.4 9.6 26.5 8.7 0.7 13.9
(923A)5090.95 DolBloc 2222 160 0.04 0.0829 0.5 4.6 4.9 20.4 0.8 5.4
(923A)5090.95_DolBloc 2106 164 0.14 0.3818 0.5 6.1 16.6 6.0 0.7 5.7
(923A)5090.95 DolBloc 1242 268 0.12 0.0669 0.7 33 8.1 6.8 0.8 3.6
(923A)5090.95_DolBloc 1774 200 0.07 0.1919 0.5 4.5 7.0 13.2 0.9 5.8
(923A)5090.95 DolBloc 2195 127 0.04 0.2057 0.5 5.1 6.0 19.3 0.8 8.8
(923A)5090.95_DolBloc 1443 220 0.09 0.2529 0.7 6.7 7.1 8.7 0.8 4.8
(923A)5090.95 DolBloc 4352 90 0.13 0.0880 0.4 6.2 33.1 10.6 0.5 17.5
(923A)5090.95_DolBloc 3027 128 0.09 0.2782 0.5 6.5 20.8 13.2 0.9 14.3
(923A)5090.95 DolBloc 3438 89 0.10 0.0426 0.5 14.0 25.4 11.8 0.8 12.3
(923A)5090.95_DolBloc 1079 409 0.07 0.2956 0.8 2.5 2.9 9.5 0.8 2.7
(923A)5090.95 DolBloc 1165 397 0.08 0.0857 0.8 3.2 3.7 8.4 0.8 3.1
(923A)5090.95_DolBloc 1635 218 0.07 0.1256 0.6 4.7 7.1 10.5 0.8 4.4
(923A)5090.95 DolBloc 3126 113 0.02 0.0648 0.4 5.4 43 29.7 0.9 83
(923A)5090.95_DolBloc 1941 164 0.04 0.1084 0.6 54 4.8 17.1 0.8 5.7
(923A)5090.95 DolBloc 2198 127 0.05 0.1238 0.5 5.6 7.8 15.1 0.8 8.0
(923A)5090.95_DolRomb 744 686 0.84 0.0029 1.5 3.6 20.6 3.0 0.5 2.8
(923A)5090.95 DolRomb 867 454 0.98 0.0005 1.5 4.2 34.6 1.8 0.3 4.9
(923A)5090.95_DolRomb 592 721 1.75 0.0009 2.5 33 39.2 1.2 0.2 3.8
(923A)5090.95 DolRomb 589 978 1.54 0.0013 2.0 2.7 28.5 3.7 0.4 34
(923A)5090.95_DolRomb 591 2522 1.22 0.0013 1.6 1.8 10.5 4.9 0.6 2.1
(923A)5090.95 DolRomb 605 1089 1.14 0.0007 1.6 2.0 16.7 2.2 0.6 1.6
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
(923A)5090.95_DolRomb 799 499 0.91 0.0010 1.6 4.0 322 2.2 0.4 3.8
(923A)5090.95_DolRomb 743 536 0.84 0.0013 1.7 4.0 259 2.7 0.4 3.6
(923A)5090.95_DolRomb 689 687 0.95 0.0014 1.6 2.5 223 1.9 0.5 24
(923A)5090.95_DolRomb 636 1301 0.85 0.0009 1.5 5.8 11.4 2.7 0.7 1.8
(923A)5090.95_DolRomb 658 1363 0.47 0.0006 1.3 1.9 5.7 3.6 0.7 1.4
(923A)5090.95_DolRomb 627 10019 0.82 0.0010 1.3 0.6 1.6 7.9 0.8 0.7
(923A)5090.95 DolRomb 756 591 1.21 0.0012 1.7 4.4 333 1.7 0.3 3.6
(923A)5090.95_DolRomb 689 935 0.95 0.0015 1.4 1.6 16.9 3.1 0.6 23
(923A)5090.95 DolRomb 637 9900 0.85 0.0003 1.3 0.8 1.4 6.7 0.8 0.9
(923A)5090.95_DolRomb 709 1061 0.50 0.0003 1.3 2.0 8.5 3.9 0.7 1.5
(923A)5090.95 DolRomb 695 731 0.90 0.0006 1.6 3.6 20.3 3.0 0.5 2.6
(923A)5090.95_DolRomb 869 417 0.53 0.0013 1.3 6.6 21.4 2.4 0.5 3.1
(923A)5090.95 DolRomb 831 443 0.74 0.0005 1.5 3.1 28.0 2.2 0.4 4.1
(923A)5090.95_DolRomb 765 466 0.97 0.0032 1.7 4.0 334 2.0 0.4 33

(923A)5090.95 Esf 1018 377 0.38 0.0005 1.1 34 17.0 2.9 0.6 2.8
(923A)5090.95_Esf 734 564 0.46 0.1170 1.3 3.0 13.7 3.0 0.7 23
(923A)5090.95 Esf 1450 235 0.48 0.0005 1.0 6.4 33.8 3.1 0.4 5.7
(923A)5090.95_Esf 1013 362 0.43 0.0004 1.1 3.9 20.5 34 0.6 33
(923A)5090.95 Esf 874 501 0.40 0.0010 1.1 2.5 12.9 2.8 0.7 2.2
(923A)5090.95_Esf 1367 240 0.39 0.0043 1.1 6.4 25.8 3.1 0.4 53
(923A)5090.95 Esf 822 648 0.31 0.0032 1.1 23 83 3.8 0.7 1.9
(923A)5090.95_Esf 977 374 0.41 0.0057 1.1 3.2 17.9 34 0.6 3.7
(923A)5090.95 Esf 1161 257 0.45 0.0024 1.0 4.1 28.4 3.1 0.5 3.8
(923A)5090.95_Esf 1384 221 0.28 0.0046 0.8 4.6 22.5 43 0.6 3.6
(923A)5090.95 Esf 752 749 0.30 0.0554 1.1 1.9 6.5 2.9 0.8 1.7
(923A)5090.95_Esf 850 518 0.42 0.0017 1.1 3.0 13.0 2.7 0.7 2.1
(923A)5090.95 Esf 1057 297 0.53 0.0232 1.2 4.8 29.6 2.9 0.5 4.2
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
(923A)5090.95 Esf 973 325 0.27 0.0205 1.0 3.8 13.4 3.9 0.7 3.0
(923A)5090.95_Esf 825 586 0.22 0.0130 1.1 2.6 6.2 4.7 0.8 2.0
(923A)5090.95 Esf 517 5441 1.50 0.0008 1.8 0.7 4.4 1.3 0.6 0.7
(923A)5090.95_Esf 595 4191 0.31 0.0035 1.4 1.0 1.4 4.6 0.8 1.0
(923A)5090.95 Esf 793 536 0.43 0.0026 1.2 2.6 12.7 3.1 0.6 2.8
(923A)5090.95_Esf 1007 335 0.52 0.0181 1.2 3.9 26.5 3.5 0.5 4.0
(923A)5090.95 Esf 975 342 0.54 0.0120 1.3 5.2 25.5 2.5 0.4 3.8

(923A)5099.05_CalcPart 694 2783 0.20 0.0598 1.2 0.9 1.3 2.6 0.8 0.8
(923A)5099.05 CalcPart 682 3596 0.19 0.0661 1.2 0.7 1.0 34 0.8 0.7
(923A)5099.05_CalcPart 719 1934 0.38 0.2324 1.1 1.2 3.5 1.9 0.8 1.0
(923A)5099.05 CalcPart 725 1621 0.59 0.0445 1.2 1.4 6.8 1.7 0.8 1.2
(923A)5099.05_CalcPart 687 2072 0.66 0.0045 1.2 1.1 5.7 1.3 0.8 1.0
(923A)5099.05 CalcPart 695 1917 0.25 0.0410 1.2 1.0 23 2.7 0.8 1.2
(923A)5099.05_CalcPart 828 687 0.22 0.0406 1.0 2.6 59 3.7 0.8 2.0
(923A)5099.05 CalcPart 732 1133 0.49 0.0085 1.1 1.6 7.8 1.8 0.8 1.5
(923A)5099.05_CalcPart 690 1638 0.47 0.0800 1.2 1.1 5.3 1.9 0.8 1.1
(923A)5099.05 CalcPart 565 4820 6.14 0.0022 1.7 1.2 26.6 3.0 0.6 1.6
(923A)5099.05_CalcPart 1126 438 0.15 0.0557 0.8 3.6 6.5 4.9 0.8 2.6
(923A)5099.05 CalcPart 790 727 0.25 0.0225 1.1 24 6.3 35 0.8 1.9
(923A)5099.05_CalcPart 688 1492 0.41 0.0216 1.2 1.5 5.0 2.1 0.8 1.3
(923A)5099.05 CalcPart 756 883 0.33 0.1750 1.1 2.1 6.8 2.7 0.8 1.7
(923A)5099.05_CalcPart 679 2191 0.11 0.0838 1.2 1.0 0.9 7.1 0.8 1.0
(923A)5099.05 CalcPart 688 1682 0.26 0.0501 1.2 1.4 2.8 2.4 0.8 1.0
(923A)5099.05_CalcPart 819 736 0.23 0.0362 1.0 2.1 5.9 3.5 0.8 1.8
(923A)5099.05 CalcPart 1666 294 0.10 0.1037 0.7 4.5 7.0 9.9 0.8 4.1
(923A)5099.05_CalcPart 699 1603 0.42 0.0209 1.2 1.4 4.8 23 0.8 1.1
(923A)5099.05 CalcPart 659 2358 0.21 0.0608 1.2 1.0 1.6 4.0 0.8 0.9
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
(923A)5099.05 DollInt 651 2708 0.26 0.0661 1.2 0.9 1.7 2.7 0.8 0.9
(923A)5099.05_Dollnt 668 2890 0.09 0.1401 1.2 0.9 0.5 6.6 0.8 0.8
(923A)5099.05 DollInt 671 1956 0.08 0.0348 1.2 1.2 0.7 7.5 0.9 0.9
(923A)5099.05_Dollnt 624 8589 0.32 0.0130 1.3 0.5 0.7 2.6 0.9 0.4
(923A)5099.05 DollInt 664 2359 0.16 0.1098 1.2 1.0 1.2 43 0.9 1.0
(923A)5099.05_Dollnt 685 1998 0.27 0.0342 1.2 1.1 2.4 2.4 0.8 1.0
(923A)5099.05 DollInt 673 1524 0.35 0.0289 1.2 1.3 4.0 2.1 0.8 1.1
(923A)5099.05_Dollnt 627 2766 0.42 1.9519 1.3 1.0 2.6 23 0.8 0.8
(923A)5099.05 DollInt 670 2050 0.17 0.0589 1.2 1.1 1.4 3.9 0.9 0.9
(923A)5099.05_Dollnt 645 3312 0.57 1.8299 1.3 0.9 2.9 1.8 0.8 0.7
(923A)5099.05 DollInt 669 2429 0.46 0.0254 1.2 1.2 3.2 2.5 0.8 0.9
(923A)5099.05_Dollnt 649 2895 0.40 0.0064 1.3 0.8 23 1.9 0.8 0.8
(923A)5099.05 DollInt 651 2795 0.30 0.0625 1.2 0.8 1.8 2.6 0.8 0.9
(923A)5099.05_Dollnt 664 2393 0.24 0.0340 1.2 0.9 1.8 3.5 0.8 0.8
(923A)5099.05 DollInt 636 3530 0.87 0.0177 1.3 0.8 35 6.0 0.8 0.7
(923A)5099.05_Dollnt 647 2688 0.22 0.0488 1.2 0.8 1.4 3.2 0.8 0.8
(923A)5099.05 DollInt 659 2168 0.17 0.0754 1.2 1.0 1.4 3.7 0.8 0.9
(923A)5099.05_Dollnt 644 2609 0.30 0.0237 1.3 0.9 2.0 2.4 0.8 0.8
(923A)5099.05 DollInt 646 2344 0.27 0.0082 1.3 0.9 2.0 2.6 0.8 0.8
(923A)5099.05_Dollnt 644 2634 0.28 0.0188 1.3 0.9 1.8 2.8 0.8 0.8

(SPH-6)5118.95 DolRomb 596 3534 2.07 0.0017 1.4 0.8 9.7 1.0 0.7 0.7
(SPH-6)5118.95_DolRomb 586 2517 1.68 0.0012 1.5 1.1 11.4 2.0 0.7 1.0
(SPH-6)5118.95 DolRomb 579 5688 2.47 0.0005 1.5 0.7 7.3 1.4 0.8 0.5
(SPH-6)5118.95_DolRomb 560 3944 2.78 0.0074 1.6 0.8 11.8 1.1 0.7 0.7
(SPH-6)5118.95 DolRomb 592 2412 1.61 0.0067 1.5 1.0 10.9 0.9 0.7 1.1
(SPH-6)5118.95_DolRomb 590 4472 2.02 0.0011 1.4 0.7 7.4 1.5 0.7 0.7
(SPH-6)5118.95 DolRomb 586 4470 2.11 0.0114 1.5 0.7 7.8 1.5 0.7 0.7
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
(SPH-6)5118.95 DolRomb 579 2758 2.22 0.0004 1.5 0.9 13.2 1.3 0.7 0.9
(SPH-6)5118.95_DolRomb 581 5893 2.52 0.0020 1.5 0.6 7.0 0.8 0.7 0.6
(SPH-6)5118.95 DolRomb 577 5677 2.80 0.0021 1.5 0.7 8.2 1.4 0.7 0.7
(SPH-6)5118.95_DolRomb 578 7982 3.49 0.0004 1.5 0.8 6.6 1.3 0.7 0.7
(SPH-6)5118.95 DolRomb 583 5480 2.23 0.0021 1.4 0.6 6.7 1.3 0.8 0.7
(SPH-6)5118.95_DolRomb 596 3689 2.01 0.0008 1.4 0.9 8.6 1.2 0.7 0.9
(SPH-6)5118.95 DolRomb 586 3199 2.07 0.0006 1.5 0.9 10.7 1.2 0.7 0.8
(SPH-6)5118.95_DolRomb 578 4471 2.60 0.0004 1.5 0.7 9.5 0.7 0.7 0.8
(SPH-6)5118.95 DolRomb 583 2515 1.73 0.0005 1.5 1.0 11.1 1.4 0.7 1.0
(SPH-6)5118.95_DolRomb 590 2745 1.82 0.0004 1.5 0.9 10.9 1.0 0.7 0.9
(SPH-6)5118.95 DolRomb 592 3072 1.73 0.0173 1.5 1.1 9.1 1.1 0.7 0.8
(SPH-6)5118.95_DolRomb 581 3768 2.20 0.0148 1.5 0.8 9.5 1.3 0.7 0.7
(SPH-6)5118.95 DolRomb 583 5973 2.78 0.0024 1.4 0.7 7.7 1.7 0.8 0.6

(SPH-6)5118.95_Shrub 705 761 0.91 0.0369 1.5 2.2 204 1.8 0.5 2.2
(SPH-6)5118.95 Shrub 710 852 0.88 0.0053 1.3 1.9 17.9 1.6 0.6 1.9
(SPH-6)5118.95_Shrub 696 891 0.88 0.0055 1.4 2.1 16.9 1.6 0.6 1.5
(SPH-6)5118.95 Shrub 703 771 0.92 0.0036 1.4 23 20.4 1.5 0.6 2.0
(SPH-6)5118.95_Shrub 770 765 0.80 0.0042 1.3 1.9 17.6 1.5 0.6 2.1
(SPH-6)5118.95 Shrub 711 813 0.91 0.0048 1.4 2.1 19.0 1.7 0.6 1.7
(SPH-6)5118.95_Shrub 650 1314 0.97 0.0014 1.4 1.5 12.5 1.9 0.7 1.5
(SPH-6)5118.95 Shrub 685 835 0.91 0.0128 1.4 2.0 18.7 1.6 0.6 1.8
(SPH-6)5118.95_Shrub 659 918 1.22 0.0049 1.5 2.0 22.7 1.4 0.5 1.7
(SPH-6)5118.95 Shrub 719 858 0.88 0.0251 1.3 2.2 17.7 1.6 0.6 1.9
(SPH-6)5118.95_Shrub 664 909 1.17 0.0042 1.5 2.1 223 1.6 0.6 1.8
(SPH-6)5118.95 Shrub 617 979 1.79 0.0013 1.8 2.1 30.9 1.4 0.4 1.9
(SPH-6)5118.95_Shrub 679 1087 0.97 0.0021 1.4 1.8 15.2 1.4 0.7 1.5
(SPH-6)5118.95 Shrub 650 1220 1.12 0.0009 1.4 1.6 15.5 1.2 0.6 1.3
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Identificador f206c  2°Pb Uppm Th/U 206pp/2%4pPh 15% 238y/2%Pp 15% 207Pp/2%Ph 15%
(SPH-6)5118.95 Shrub 628 1425 1.37 0.0015 1.5 1.3 16.2 1.5 0.6 1.2
(SPH-6)5118.95_Shrub 627 1653 1.42 0.0051 1.5 1.4 14.0 1.4 0.7 1.3
(SPH-6)5118.95 Shrub 642 1242 1.10 0.0026 1.5 1.9 14.9 1.2 0.6 1.4
(SPH-6)5118.95_Shrub 641 1010 1.55 0.0010 1.7 2.0 26.0 1.3 0.5 2.0
(SPH-6)5118.95 Shrub 689 933 1.15 0.0050 1.4 1.8 20.9 1.4 0.5 1.5
(SPH-6)5118.95_Shrub 702 789 1.21 0.0033 1.5 2.4 259 1.6 0.5 2.1

Barstow 540 8672 96.63 0.0001 2.0 0.6 193.0 1.1 0.4 0.7
Barstow 395 9277 147.15  0.0000 3.2 0.7 277.3 1.2 0.3 0.8
Barstow 440 10237 140.82  0.0001 2.7 0.7 239.9 1.0 0.3 1.0
Barstow 414 8480 122.59  0.0001 2.9 0.8 2474 1.1 0.3 1.0
Barstow 473 11062 133.33  0.0001 23 0.7 208.3 0.6 0.4 0.7
Barstow 488 11057  124.54  0.0001 2.1 0.5 192.6 1.3 0.5 0.6
Barstow 406 8227 11533 0.0002 2.8 0.8 2355 1.5 0.4 0.8
Barstow 402 6138 97.00 0.0001 3.0 0.8 264.7 1.4 0.3 1.0
Barstow 381 5711 93.30 0.0002 33 0.8 272.9 1.0 0.3 1.1
Barstow 415 7352 106.26  0.0001 2.8 0.8 235.7 0.9 0.4 1.0
Barstow 360 6325 104.88  0.0001 35 1.3 2721 1.3 0.3 1.9
Barstow 515 6483 61.23 0.0001 1.9 0.7 154.5 1.1 0.5 0.7
Barstow 382 5972 100.73  0.0000 32 0.9 269.8 1.2 0.3 0.9
Barstow 362 8232 136.03  0.0000 33 0.8 263.8 1.0 0.3 0.7
Barstow 422 8447 113.97  0.0000 2.6 0.8 2151 0.9 0.4 0.8
Barstow 402 7063 107.82  0.0000 2.9 0.6 237.2 1.1 0.4 0.9
Barstow 332 7303 132.05  0.0000 3.8 0.9 281.4 1.0 0.3 1.2
Barstow 481 6877 80.37 0.0000 2.1 0.6 182.4 1.3 0.5 0.7
Barstow 409 7781 116.48  0.0000 2.7 0.6 228.0 1.2 0.4 0.8
Barstow 398 8743 127.39  0.0000 2.8 0.7 221.6 1.1 0.4 0.7
Barstow 457 6719 89.25 0.0000 24 0.8 201.8 1.4 0.4 0.9
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Identificador f206c  2Pb  Uppm Th/U 206pp/204pPp 15% 238y 2%ph 15% 207pp/206pPh 15%
Barstow 387 5695 97.49  0.0000 3.0 0.8 253.6 1.3 0.3 0.9
Barstow 454 7105 9729 0.0000 23 0.7 202.7 1.3 0.4 0.7
Barstow 510 4556 48.85  0.0000 1.9 0.8 158.4 0.9 0.5 0.8
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Identificador f206¢ 206pp  Uppm  Th/U  2%pPp/2%Pp 15% 238y/2%Pp 15% 207pp/2%Ph 15%
C Walnut 182 13448 5.0 0.00560 8.3 1.0 20.9 0.5 0.1 0.9
C Walnut 194 12580 4.6 0.00128 7.7 1.1 20.4 0.5 0.2 1.0
C Walnut 222 11757 4.0 0.00081 6.5 1.8 19.4 1.1 0.2 2.1
C Walnut 190 13427 5.0 0.00079 7.8 1.3 20.6 0.7 0.2 1.0
C Walnut 176 12571 4.8 0.00017 8.6 1.0 21.2 0.4 0.2 0.7
C Walnut 182 5990 24 0.00042 83 1.5 20.6 0.5 0.2 1.0
C Walnut 143 8425 3.6 0.00039 11.2 1.6 21.6 0.5 0.1 1.0
C Walnut 174 9745 3.7 0.00030 83 1.1 18.7 0.8 0.2 0.9
C Walnut 151 6051 2.9 0.00087 10.3 1.5 21.5 0.5 0.1 1.2
C Walnut 142 7106 35 0.00036 11.2 1.5 21.9 0.5 0.1 1.2
C Walnut 156 5690 2.7 0.00012 10.1 1.7 20.7 0.5 0.1 1.2
C Walnut 138 6086 3.7 0.00002 11.7 3.2 23.4 0.7 0.1 1.4
C Walnut 152 6535 3.7 0.00000 10.1 1.8 21.8 0.5 0.2 1.3
C Walnut 147 7067 3.7 0.00001 10.4 1.5 20.0 0.5 0.2 1.0
C Walnut 161 6335 4.1 0.00096 93 1.7 21.3 0.6 0.2 1.0
C Walnut 157 7560 4.5 0.00015 9.2 1.4 19.6 0.6 0.2 0.9
C Walnut 180 5677 35 0.00213 8.1 1.3 20.3 0.5 0.2 1.0
C Walnut 157 6466 4.2 0.00039 9.5 1.5 21.0 0.5 0.2 1.0
C Walnut 172 5511 35 0.00141 8.5 1.5 20.6 0.6 0.2 1.1
(928)5016.90 DolLamtTDS 514 3022 1.4 0.00032 2.0 1.3 26.5 1.7 0.5 1.3
(928)5016.90 DolLamtTDS 754 1222 0.6 0.00250 1.4 2.2 28.8 1.9 0.5 1.9
(928)5016.90 DolLamtTDS 849 884 0.5 0.00274 1.3 2.7 30.2 2.0 0.5 2.4
(928)5016.90 DolLamtTDS 565 2803 0.6 0.00363 1.6 1.4 14.6 34 0.7 1.2
(928)5016.90 DolLamtTDS 509 4332 0.6 0.00336 1.7 1.1 8.0 3.6 0.7 1.0
(928)5016.90 DolLamtTDS 823 885 0.4 0.02136 1.2 2.7 243 2.1 0.6 2.1
(928)5016.90 DolLamtTDS 651 1382 0.6 0.00729 1.6 2.0 26.8 3.0 0.5 2.0
(928)5016.90 DolLamtTDS 473 2914 1.0 0.00088 2.0 1.2 19.7 23 0.6 1.3
(928)5016.90 DolLamtTDS 426 2816 1.6 0.00027 2.6 1.4 314 1.7 0.4 1.5
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238/206Pp 1s% 207Pp/2%Ph 1s%
(928)5016.90 DolLamtTDS 528 1936 0.8 0.00124 1.9 1.6 23.4 2.5 0.5 1.6
(928)5016.90 DolLamtTDS 434 2458 1.4 0.12559 2.5 1.6 29.6 1.0 0.4 1.5
(928)5016.90 DolLamtTDS 407 3182 1.5 0.00209 2.6 1.5 26.5 2.1 0.5 1.4
(928)5016.90 DolLamtTDS 421 2603 1.5 0.00029 2.6 1.3 30.2 1.1 0.4 1.3
(928)5016.90 DolLamtTDS 396 2887 1.8 0.00104 2.9 1.3 32.7 1.0 0.4 1.5
(928)5016.90 DolLamtTDS 378 3673 2.0 0.00060 2.9 1.3 29.4 1.3 0.4 1.2
(928)5016.90 DolLamtTDS 383 2867 1.7 0.00032 2.9 1.3 30.9 0.9 0.4 1.4
(928)5016.90 DolLamtTDS 400 3219 1.5 0.00039 2.6 1.2 24.9 1.7 0.5 1.2
(928)5016.90 DolLamtTDS 411 1976 1.2 0.00176 2.8 1.7 32.0 1.2 0.4 1.6
(928)5016.90 DolLamtTDS 426 3571 1.4 0.00357 24 1.3 27.3 3.7 0.5 2.1
(928)5016.90 DolLamtTDS 372 2651 1.6 0.00039 3.0 1.4 31.1 0.9 0.4 1.4
(928)5016.90 DolLamtTDS 364 6545 2.1 0.00040 2.7 1.0 16.1 1.9 0.5 1.0
(928)5016.90 DolLamtTDS 374 7914 2.1 0.00045 2.5 1.0 13.9 3.1 0.6 1.3
(928)5016.90 DolLamtTDS 366 3645 2.1 0.00035 2.9 1.5 279 1.3 0.4 1.3
(928)5016.90 DolLamtTDS 362 8580 2.6 0.00050 2.6 1.0 15.2 2.8 0.6 1.1
(928)5016.90 DolLamtTDS 365 3684 2.0 0.00042 2.9 1.2 27.1 1.9 0.5 1.5
(928)5016.90 DolLamtTDS 406 3796 1.5 0.00351 24 1.3 21.2 3.1 0.6 1.6
(928)5016.90 DolLamtTDS 379 3692 1.8 0.00033 2.7 1.3 23.7 1.3 0.5 1.4
(928)5016.90 DolLamtTDS 358 3024 1.9 0.00031 3.1 1.5 30.3 1.2 0.4 1.7
(928)5016.90 DolLamtTDS 342 5360 2.8 0.00030 3.0 1.2 25.0 2.1 0.5 1.3
(928)5016.90 DolLamtTDS 337 5123 2.8 0.00039 3.1 1.2 25.5 1.5 0.5 1.5
(928)5016.90 DolLamtTDS 406 3472 1.4 0.00043 23 1.3 18.7 1.9 0.6 1.1
(928)5016.90 DolLamtTDS 388 4130 1.8 0.00024 2.5 1.1 20.5 1.9 0.6 1.0
(928)5016.90 DolLamtTDS 392 8567 1.5 0.00042 2.2 0.8 8.6 3.1 0.7 0.8
(928)5016.90 DolLamtTDS 398 3939 1.5 0.00041 24 1.1 19.4 33 0.6 1.1
(928)5016.90 DolLamtTDS 395 3053 1.3 0.00076 2.5 2.2 19.7 1.5 0.6 1.1
(928)5016.90 DolLamtTDS 404 2980 1.4 0.00031 24 1.2 22.5 1.6 0.6 1.1
(928)5016.90 DolLamtTDS 407 9894 1.1 0.00035 2.1 0.5 7.1 4.6 0.8 0.6
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238/206Pp 1s% 207Pp/2%Ph 1s%
(928)5016.90 DolLamtTDS 399 3345 1.2 0.00032 23 1.1 17.4 1.6 0.6 0.9
(928)5016.90 DolLamtTDS 433 3645 0.9 0.00075 2.1 2.7 12.9 2.9 0.7 0.9
(928)5016.90 DolLamtTDS 409 3915 0.9 0.00073 2.2 1.0 10.7 1.5 0.6 0.8

(928)5133.95_Shrub 338 2936 2.1 0.00005 3.1 1.5 27.6 1.4 0.5 1.3
(928)5133.95_Shrub 360 3139 1.7 0.00009 2.7 1.4 20.1 1.2 0.6 1.1
(928)5133.95_Shrub 370 2445 1.5 0.00011 2.7 1.4 23.9 1.1 0.5 1.3
(928)5133.95 Shrub 337 1851 1.9 0.00008 3.7 2.9 38.8 1.3 0.3 2.8
(928)5133.95 Shrub 424 1354 1.4 0.00033 2.9 25 393 1.6 0.3 2.7
(928)5133.95 Shrub 364 2005 1.8 0.00014 3.1 1.7 333 1.4 0.4 1.8
(928)5133.95 Shrub 435 1384 1.4 0.00018 2.8 2.2 36.9 1.6 0.4 3.1
(928)5133.95 Shrub 382 2265 1.4 0.01200 2.8 1.6 27.3 4.0 0.4 2.1
(928)5133.95 Shrub 379 1558 1.6 0.00011 3.2 23 38.3 1.7 0.4 2.9
(928)5133.95 Shrub 351 1908 23 0.00014 3.7 2.6 429 1.2 0.3 2.9
(928)5133.95 Shrub 405 1511 1.8 0.00020 3.2 23 42.7 1.6 0.3 3.0
(928)5133.95_Shrub 360 2134 2.2 0.00024 3.2 1.9 353 1.0 0.4 1.8
(928)5133.95_Shrub 344 2062 23 0.00025 3.6 1.9 39.6 1.2 0.3 23
(928)5133.95_Shrub 330 2715 2.5 0.00023 34 1.7 32.7 1.3 0.4 1.4
(928)5133.95_Shrub 401 1937 1.4 0.00037 2.5 1.4 25.2 1.2 0.6 1.2
(928)5133.95_Shrub 352 2356 2.1 0.00022 3.1 1.5 31.2 1.6 0.4 1.9
(928)5133.95_Shrub 375 4004 1.7 0.00031 24 1.0 14.4 1.4 0.7 0.9
(928)5133.95_Shrub 373 4950 1.7 0.00037 23 0.8 11.7 1.2 0.7 0.7
(928)5133.95_Shrub 381 3061 1.5 0.00054 24 1.0 16.5 0.9 0.6 0.7
(928)5133.95_Shrub 396 2122 1.5 0.00044 2.5 1.5 24.5 1.2 0.6 1.4

Barstow 457 17744 43.5 0.00018 2.1 0.4 136.0 0.6 0.6 0.4

Barstow 440 15610 46.4 0.00014 23 0.5 163.3 0.7 0.5 0.5

Barstow 375 16291 65.9 0.00011 2.9 0.6 220.2 0.6 0.4 0.4

Barstow 361 11447 39.1 0.00013 2.8 0.6 169.5 0.6 0.5 0.5

Barstow 378 10336 36.8 0.00010 2.7 0.5 176.7 0.8 0.5 0.7
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Identificador f206¢ 206pp  Uppm  Th/U  26Ph/2%4Pb 1s% 238/206Pp 1s% 207Pp/2%Ph 1s%
Barstow 381 10476 335 0.00011 2.6 0.6 158.4 0.7 0.5 0.6
Barstow 365 8004 33.7 0.00005 2.8 0.8 185.9 0.8 0.5 0.7
Barstow 346 7471 34.1 0.00005 3.0 0.7 200.2 0.5 0.5 0.6
Barstow 376 9429 293 0.00007 2.5 0.6 136.4 0.9 0.6 0.6
Barstow 262 12820 87.9 0.00000 4.5 0.7 262.9 0.6 0.3 0.6
Barstow 338 10712 44.5 0.00001 2.9 0.6 158.0 0.7 0.5 0.6
Barstow 247 16209 113.4 0.00001 4.7 0.6 263.8 0.5 0.3 0.6
Barstow 362 9731 38.9 0.00009 2.6 0.7 128.0 0.9 0.6 0.6
Barstow 338 7530 44.0 0.00009 3.0 0.8 186.0 0.8 0.5 0.8
Barstow 343 7253 44.8 0.00009 3.0 0.7 193.9 0.5 0.5 0.6
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ANEXO C - Imagens de Petrografia, QEMSCAN e os respectivos diagramas da

concordia de cada fase analisada
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Figura 1. (A) Vista da amostra 5144.00 do testemunho BRSA-928 em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 2. (A) Vista da amostra 5194.50 do testemunho BRSA-928 em microsépio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 3. (A) Vista da amostra 5127.60 do testemunho 7-SPH-6 em microsdpio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 4. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada analitica
na qual as amostras 5144.00 5194.50, e 5124.60 foram analisadas.

124



A

BRSA-928
5015.10

D Shrub

Dolomita
microcristalina

BRSA-928
5015.10
QEMSCAN

[ s

Dolomita
microcristalina

BRSA-028 5., Dolomita i
5015.10 2 - microcristalina
e | e 4
(=] o
g £ 109 =4 M
g +4 Ma
g . poos 99 +7 Ma g < | (Pb), = 0.891
g 3 (Pb). = 0.907 g s MSWD = 2
MSWD = 1 N =15
N=18
o | 30005 ~
o \ o 7
20000 2000 o
1000 o 1000-o- 500-0 2000
< | e |
= =1
T T T T T T T T T T T T T T
2 4 6 8 10 12 14 i} 5 10 15 20 25 30
%Py ufpp

Figura 5. (A) Vista da amostra 5015.10 do testemunho BRSA-928 em microsépio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 6. (A) Vista da amostra 5100.75 do testemunho BRSA-923A em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 7. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada analitica
na qual as amostras 5015.10 e 5100.75 foram analisadas.
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Figura 8. (A) Vista da amostra 5049.95 do testemunho BRSA-928 em microsépio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas. (D)
Diagramas da concordia de Tera-Wasserburg dos dados reunidos das andlises da dolomita microcristalina
pseudomorfica.
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Figura 9. (A) Vista da amostra 5113.00 do testemunho 7-SPH-6 em microsdpio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 10. (A) Vista da amostra 5127.90 do testemunho 7-SPH-6 em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 11. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada
analitica na qual as amostras 5049.95, 5113.00 e 5127.90 foram analisadas.
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Figura 12. (A) Vista da amostra 5020.10 do testemunho BRSA-928 em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 13. (A) Vista da amostra 5132.50 do testemunho 7-SPH-6 em microsépio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 14. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada
analitica na qual as amostras 5020.10 ¢ 5132.50 foram analisadas.
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Figura 15. (A) Vista da amostra 5099.05 do testemunho BRSA-923A em microsépio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 16. (A) Vista da amostra 5118.95 do testemunho 7-SPH-6 em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 17. (A) Vista da amostra 5090.95 do testemunho BRSA-923A em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 18. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada
analitica na qual as amostras 5099.05, 5118.95, ¢ 5090.95 foram analisadas.
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Figura 19. (A) Vista da amostra 5133.95 do testemunho BRSA-928 em microsopio petrografico. (B) Imagem de

QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.
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Figura 20. (A) Vista da amostra 5016.90 do testemunho BRSA-928 em microsopio petrografico. (B) Imagem de
QEMSCAN da amostra A. (C) Diagramas da concordia de Tera-Wasserburg das respectivas fases analisadas.

140



Materiais de referéncia

'Q\O

08
1

0.6

00 &

2pp*pp

0.4

_jooo ¢

0.2

2000 &

0.0

263 + 4 Ma
(Pb). = 0.850
MSWD = 30
N=19

10000

Walnut

T
10

Zrepp

15

o |
o
Barstow
o |
=
o
a
&
£ 0 o
8 °
15+ 0.2 Ma
(Pb). = 0.839
MSWD=7
o N=15
o
06
9% 200 01000 400
o |
T <
20 T T T T T T
0 50 100 150 200 250
#UF%ph

Figura 21. Diagramas da concordia de Tera-Wasserburg dos materiais de referéncia analisados durante a rodada
analitica na qual as amostras 5133.95 ¢ 5016.90 foram analisadas.
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