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FOREWORD

The Cretaceous Period (145-66 Ma), with no magnetic reversal for ~79 Ma, is generally termed as
the Cretaceous Normal Superchron or the Magnetic Quiet Zone. There is evidence of at least two
major large scale, global volcanisms in this long period synchronous with mass extinctions, during
the Late Cretaceous and at the end of the Cretaceous.
This study focusses on the effect of these two global volcanisms on
1. The Ocean: Eagle Ford, South Texas at the beginning of the Late Cretaceous, 93.9 Ma,
probably caused by Cretaceous mafic volcanism from the Ontong Java Plateau and/or
Caribbean Large Igneous Province volcanism (LIP), and

2. The Land: Deccan Traps, end-Cretaceous, 66 Ma, LIP volcanism.
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Abstract:

Petrography, major and trace elements and X-ray diffraction (XRD) analyses of whole rock black
shales (marls), Re-Os isotope systematics in kerogen rich shales in a proprietary core of the Eagle
Ford Shale in South Texas, LA-ICP-MS U-Pb ages and Hf isotopes of zircons from volcanic
subsurface as well as surface exposure ash beds of the Eagle Ford Shale and Boquillas Formation
in South Texas were analyzed. In addition, Thermal Maturity estimation of kerogens using Raman
microscopic studies was carried out and a high-Precision 8’Sr/3¢Sr global seawater curve during
the Cenomanian-Turonian (C-T) boundary and Ocean Anoxic Event 2 (OAE2) was established.
The mineralogy, major and trace elements of the ash beds suggest their source from nearby
arc-derived calc-alkaline volcanism. The enft) of the analyzed ash bed zircons range between 6.6
to -0.6 averaging at +2.68, indicating substantial crustal component in the magmatic arc volcanism
in the host magmas of the zircons, similar to arc-volcanism signatures such as the Quaternary
andesitic volcanism in Central Mexico. Phenocrysts of biotite, alkali feldspar and andesitic rock
fragments are observed from petrographic analyses of marls. High concentration of nutrient metals

(Co, Cu, Cr, Sc, Hf, U, Th, V, Zn, Ni, Pb, Mo, Y, Zr and Ta) in whole rock marls and volcanic
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ashes indicate contemporaneous arc volcanic activity at the time of marl deposition. Volcanogenic
clays, such as montmorillonite, vermiculite, dickite and halloysite 10A, ranging from 2 to 12% in
modal abundance are determined from XRD of subsurface Eagle Ford bulk marl samples from
different depths in 4 cores, indicating continuous volcanism throughout the Eagle Ford deposition.
The initial '¥70s/!%80s at 93 Ma, the time of deposition of the Eagle Ford of the ten whole rock
samples, range between 2.47 to 5.11 with a majority of the samples lying between 2.46 and 3.62.
This indicates a continental crustal origin of the Os without taking into account the sea water Os-
isotopic composition at 93 Ma.

Zircons from the middle part of the ~300 ft long Eagle Ford cores yield U-Pb ages of
03.2+1.66 Ma, 94.13+1.25 Ma and 93.7+1.9 Ma, consistent with the Cenomanian-Turonian (C-T)
age of deposition. An approximate 10 Ma duration of deposition of volcanic ash and marl, at 28
ft/Ma for the Eagle Ford is suggested from the 85.76 to 95.5 Ma ages. These ages are from the
Eagle Ford ash beds, between the Austin Chalk and the Buda Limestone, covering the OAE2 at
the C-T boundary (93-93.5 Ma).

Using Raman microscopic techniques and RockEval pyrolysis, the EF black shales of the
entire Well 8 fall between 0.7-1.4 Ro% and G-D of 240-270 cm™!. The 87Sr/*Sr values range from
0.707405 — 0.707566 for the 300 ft long EF core, Well 8. The lowering in 3’Sr/Sr ratios is
interpreted as indicating input from less radiogenic arc volcanism.

The continuous arc volcanism during the Eagle Ford deposition of volcanic silicic
sediments and carbonates was part of the global continental arc flare-ups in the Cretaceous,

responsible for greenhouse conditions and subsequent anoxia during marl deposition.
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CHAPTER 1:

MINERALOGY AND GEOCHEMISTRY OF THE EAGLE FORD SHALE OF SOUTH
TEXAS

1.1.1. INTRODUCTION

A major unconventional source of oil and gas (Harbor, 2011), the Eagle Ford Shale of South
Texas was deposited between 84-96 Ma, overlapping the Cenomanian-Turonian (C-T) boundary
and Global Boundary Stratotype Section Point (GSSP) in Pueblo, Colorado deposited during 93-
93.5 Ma (Leckie et al., 2002; Pierce, 2014). The GSSP and C-T boundary are a part of the global
Oceanic Anoxic Event 2 (OAE2) and thereby the Eagle Ford is also a part of OAE2. The OAE2
was suggested to have been triggered by a massive volcanic episode (Turgeon and Creaser, 2008;
Vogt, 1989; Jones and Jenkyns, 1994) releasing huge quantities of carbon dioxide (CO) into the
atmosphere. This sudden accumulation of CO: resulted in an increase of delivery of
hydrothermally derived and weathered nutrients into the photic zone, consequently resulting in an
increase in the primary production. Scholle and Arthur (1980) discovered that marine strata
deposited during the C-T boundary were rich in black, pyritic, laminated shales.

The Cretaceous ‘black shales’ are characterized by contemporaneous episodic deposition of
organic-rich, carbonaceous marine sediments, distributed globally (Jenkyns, 1980). These black
shales (with CaCO3 > 60%) are interlayered with volcanic ash beds. These laminated, black shales
were extensively studied when they were recognized as potential source rock for both natural gas
and petroleum (Schlanger and Jenkyns, 1976). Anoxic conditions were evident from the lack of

bioturbation (from burrowing fauna) in the shales during the C-T boundary (Pierce et al., 2014).
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Figure 1: Eagle Ford Shale Play and the wells permitted and completed until date (Texas Railroad Commission, 2019)

In this study, we emphasize on the presence of abundant volcanic ash beds all throughout the
subsurface cores of the Eagle Ford Shale from Karnes, Live Oak and DeWitt counties of South
Texas (Figures 1, 3). We present a detailed study of these ash beds, including U-Pb geochronology
and Lu-Hf isotope systematics of the zircons, separated from the whole rocks to yield their origin
and depositional ages, in order to provide a better understanding of the facies architecture of the
Eagle Ford Shale. Finally, based on trace element nutrients and rare earth elements (REE) studies
of volcanic ash and correlating them with whole rock marls, we propose a novel hypothesis for the
origin of petroleum under anoxic conditions. We also provide a high Precision ®’Sr/*Sr analysis

of the carbonates separated from the associated hosts of black shales and volcanic ashes and
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establish a global 37St/36Sr seawater curve for the duration of the OAE2 event in South Texas. We
also establish a volcanic history of the Eagle Ford (EF) Shale by characterization of the clay

minerals as volcanogenic in origin using X-Ray diffraction (XRD) studies.

1.1.2. GEOLOGICAL SETTING

During the Late Cretaceous, the Western Interior Cretaceous Seaway split the North America
into two land masses, Laramidia and Appalachia (Figure 2). Figure 2 shows a paleogeographic
map of the location of the Eagle Ford black shale, marked in red rectangles, with respect to the
Cretaceous Western Interior Seaway. From the Arctic Ocean in the north to the Gulf of Mexico in
the south, the Western Interior Seaway spanned a length of 4800 km and a width of 1600 km
(Kauffman, 1984). Based on lithofacies and faunal assemblages, the sea was approximated to have
a maximum depth of 250-300 m during the Late Cretaceous (Kauffman, 1977). The Eagle Ford
black shale was deposited during the transgression of the Cretaceous sea (Robinson, 1997) and has
a trend around 80 km wide and 650 km long (Figure 3; McGarity, 2013).

The Eagle Ford study area is based on subsurface core samples taken in Karnes, Live Oak and
DeWitt counties in South Texas and outcrop samples from Del Rio area of West Texas. The
subsurface cores are separated on the surface by ~140 miles and found along the Lower Cretaceous
shelf strike and between the Edwards/Stuart City (Albian) and Sligo (Aptian) shelf margins in
South Texas (Figure 3). The Edwards/Stuart City and Sligo reef margins are separated on the
ground by a distance of 30 miles and converge to the NE near Live Oak and Bee Counties, creating
a deposition center and accumulation space for the Eagle Ford sediments (Phelps, 2011) (Figure

3).
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Figure 2: Paleogeographic map of the location of the mid-Cretaceous EF black shale deposits of South Texas with respect to the
Cretaceous Western Interior seaway of North America, map modified from Blakey, 2014
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Figure 3: Location of subsurface wells of Eagle Ford Shale used in this study. Map modified from Texas Railroad Commission.

In the east, the Eagle Ford is a primarily a siliciclastic system with influence from the
Woodbine Delta whereas in the west, it becomes carbonate-rich due to its distance from the delta
system sediments. Increase in rate of subsidence resulted in regional thickening to the west (Hentz
and Ruppel, 2010). The Eagle Ford is divided into upper and lower intervals, observed in a
decrease in spectral gamma ray (U concentration) in outcrop (Pierce, 2014) and a sharp decrease
in the Mo content from upper to lower EF shale in a subsurface core of Eagle Ford (Pierce, 2014).
The organic-rich, argillaceous lower Eagle Ford Shale is separated from the more calcitic upper

Eagle Ford (Romero et al., 2018).
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The Eagle Ford Shale is overlain by the Austin Chalk and underlain by the Buda Limestone
(Pierce, 2014). The Austin Chalk contains interbedded organic-rich shales and ash beds
(Montgomery, 1990), planktonic foraminifers, calcispheres and coccoliths (Hentz and Ruppel,
2010). The contact between the Eagle Ford and Austin Chalk appears to be gradational in West
Texas. In contrast, the Buda Limestone is mostly bioturbated, burrowed gray wackestone with
variable clay content and interpreted to be a transgressive-regressive depositional cycle (Pierce,
2014). Addy and Buffler (1984) suggested that there is a widespread unconformity between Buda
Limestone and Eagle Ford Shale, and called it, the mid-Cenomanian Unconformity. Figure 4
shows the generalized structural features near the Late Cretaceous strata in the EF West and South
Texas outcrops, marked in dark green.

The 3001t long core from Karnes county (Figures 5 and 6) analyzed for the study of U-Pb ages
in zircons of ash beds, Lu-Hf isotope systematics of these zircons, their trace elements and major
element chemistry study and high Precision 87Sr/*Sr isotopes of separated carbonates is from a
depth of ~13000 ft below the surface of core, Well 8, located southwest of the San Marcos Arch,
on the Comanche Platform directly above the Edwards/Stuart City and Sligo Reef margins. Figures
5 and 6 show volcanogenic ash beds (lighter in color) and calcite in kerogen in the subsurface
Eagle Ford core Well 8. Notice how the thickness of volcanic ash beds varies ranging from 1 cm

to 6 cm.
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Figure 5: Volcanogenic ash beds (lighter in color) and calcite in kerogen in the subsurface Eagle Ford core Well 8. Notice how
the thickness of volcanic ash beds varies ranging from 1 cm to 6 cm.

Figure 6: Volcanogenic ash beds (lighter in color) and calcite in kerogen in the subsurface Eagle Ford core Well 8.
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1.1.3. MINERALOGY

1.1.3.1.  Methods

X-ray Diffraction (XRD) is instrumental in characterizing mineralogically and modally the
different minerals present in a given whole rock sample. Each mineral is characterized based on
the diffraction displayed by the different planes of orientation of the crystals in the mineral.

The Bruker D8 Advance X-ray diffractometer in UT Arlington is used to analyze the whole
rock samples of the Eagle Ford. At first the NBS standards for calcite, quartz, illite, kaolinite,
pyrite and volcanogenic clay (smectites) montmorillonite are analyzed separately to obtain their
spectra. These standards are run at a 20 range of 3-65° with a rate of 2° per minute increment and
their  spectra  analyzed. @ The  characteristic peaks are known from their
Joint Committee on Powder Diffraction Standards (JCDPS) cards and are analyzed on the Jade 9.0
software. Each mineral present in the spectra is identified qualitatively and semi-quantitatively
based on the counts per second (cps) and their 20 angle. A synthetic composite standard of mixed
clay/shale mineralogy was prepared and their XRD spectra were obtained for semi-qualitative
model proportions of the black shale minerals.

Around 100 whole rock samples are crushed to a semi-fine powder and are mounted on the
sample holder/stage. Usually for running the XRD on clay minerals, different laboratories use
Ethylene glycol to spike the peaks of low 26 angles. However, in the case of swelling clays whose
20 angles for Montmorillonite are at 5.63° with the addition of ethylene glycol, the angle is reduced
beyond the observable/detection limit of the XRD instrument (following Braggs law, nA=2dsin8).
With increase in d-spacing (as used by the XRD) the 26 angle drops below 3°, which cannot be

detected by the XRD. Thereby we proceed with the analysis without adding ethylene glycol. The
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scan range is set at 20 from 3-65°, and scan rate of 2° per minute. The presence of a mineral is
proven on the basis of the presence of three peaks in the XRD spectra based off the established
JCPDS cards of the respective minerals, also validated by the standard spectra run for the
composite minerals present. The quantitative analysis is based off the counts per second ratios of
the different minerals using the software Jade 9.0 which provides us with the pie diagrams of the
composition of the whole rock samples. To validate semi-qualitative analysis, the synthetic whole
rock analyses spectra are compared to the EF Shale spectra and further validate the correct/accurate
modal proportions (Figure 7). The synthetic test cases used varying proportions of calcite, quartz,
clays and pyrite. The known samples compared to the EF Shale unknowns provided proof of the

accuracy of the software used.

1.1.3.2. Results

XRD of 100 samples yielded modal mineralogy which are represented in Figure 7 (One
example from Core 20) in a pie diagram along with its spectra from where the various volcanogenic
swelling clays can be identified.

X-ray diffraction of subsurface Eagle Ford samples from different depths corresponding to
the entire Eagle Ford Shale show volcanogenic swelling clays such as Montmorillonite, Halloysite
10A, Vermiculite, Dickite and Nontronite ranging from 2 to 12% throughout the entire core
(Figure 8). The amount of swelling clays in the subsurface Eagle Ford samples from different
depths suggest continuous volcanism during the Eagle Ford deposition. The calcite composition
varied on an average of 35-70% whereas the quartz varied from 15-30%, the pyrite amount is

generally <3% of the total modal analysis. Figure 9 shows the total clay weight percentage varying
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with depths for four different subsurface cores. These total clays including illite, kaolinite and

volcanogenic swelling clays.
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Figure 7: Modal mineralogy from XRD represented in a pie diagram (A) for a sample from Well 20 and its spectra (B) showing

the volcanogenic swelling clays
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Figure 8: Volcanogenic swelling clay weight percentage in four subsurface cores plotted versus the depths in each core.
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1.1.3.3.  Discussion of XRD and Petrology

X-ray diffraction of subsurface Eagle Ford samples from different depths corresponding to

the entire Eagle Ford Shale show volcanogenic swelling clays such as Montmorillonite, Halloysite

10A, Vermiculite, Dickite and Nontronite ranging from 2 to 12% throughout the entire core

(Figures 8 and 9). The consistent amount of swelling clays in the subsurface Eagle Ford samples

from different depths suggest continuous volcanism during the Eagle Ford deposition.

Phenocrysts of plagioclase (Figure 10), biotite (Figure 13), alkali feldspar (Figure 14),

kerogen interspersed with calcispheres (Figure 12) and andesitic rock fragments (Figure 11) are
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observed from petrographic analyses of marls. Although the ash layers are mostly altered to clays,
euhedral feldspar, quartz and zircons grains of volcanic origin are distinctly observable. We also
observe that no detrital quartz or rare lithic fragments are present, not only in the ash, but
throughout the EF whole rock samples (Figure 12). This observation strongly suggests that the ash
beds or the host-rock marl were affected by clastic sedimentation.

The EF shales show nutrient enriching elements, Ni, Mo, V, Cr, Co, Cu, Zn, U and Pb that
are identical to their ash beds sourced from arc volcanism (Figures 15 and 16 and Tables 4 and 5).
High concentrations of trace elements in asphaltenes aids increased productivity of phytoplankton
and hydrocarbon generation since the nutrient elements are termed as “chemical partners of
porphyrins”.

Ti/Zr ratios of the seven volcanic ash beds range from 8.74-49.29 whereas in the case of
the ~300 whole rock EF marls from seven subsurface cores, the range is from 23.83-45.16 (Table
6). These ratios are comparable indicating that both Ti and Zr in the whole rock EF shales are
derived from the ash component.

250 mg of whole rock ash is dissolved for the ICP-MS analysis from 1 g of the whole rock.
The average amount of calcite in the volcanic ash bed is around 10% so the total whole rock ash
beds constitute 0.9 g from which 250mg is used for the analysis. On the other hand, 250 mg of
whole rock core sample is dissolved for ICP-MS from 6 g of whole rock core. The average calcite
is ~70% while quartz is ~15%, leaving the remaining volcanic part to be ~15%. So, the
concentration of the nutrient elements present in the whole rock samples are almost equal to those
in the volcanic ash beds. In Figure 16, the theoretical best fit line displays the almost equal
concentration of the nutrient elements present in whole rock ash as well as whole rock marls of EF

Shale.
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Figure 11: Volcanic (andesitic) rock fragment in a thin section of the Well 8, at a depth of 13087 ft.
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Figure 13: Biotite in a thin section of the Well 8, at a depth of 13369.5 ft.

30



Figure 14: Alkali feldspar from the Well 8, at a depth of 13090.45 ft.

1.1.3.4.  Discussion of the source of Phosphorus in continental arc setting

Andesite-dacite-rhyolite volcanism at convergent continental margins is considered the
major source of tephra delivered to sedimentary basins (Sharpton and Ward, 1990). Thin volcanic
ash beds have been found to be deposited thousands of kilometers from the source by modern
studies (Felitsyn, 2004). P, Ca and Sr distributions are shown to be due to the intense weathering
of the provenance. The arid weathering influences the mobility of P sourcing from basic volcanic
rocks (Felitsyn, 2004). Zanin (1984) confined the P deposition to intense chemical weathering,
suggesting that P deposition and weathering were synchronous. The synchronicity was due to the
short residence time of P in the oceans (~10* yr, Ruttenberg (1993) and Felitsyn (2004)) and the
increased rate of burial of P and other organic and non-organic sediments during periods of global

warming and aggravated continental weathering over the last 160 Ma (F6lmi, 1995). Hartmann et
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al. (2014) document the construction of a global database describing weathering, CO, consumption
and P release using empirical methods. The characteristics of P-release by chemical weathering
helps in the prediction of response of ecosystem to changes in environment and identify feedbacks
for carbon cycle globally (Porder et al., 2007). Volcanic rocks susceptible to weathering display
higher content of P, along with islands with high mountains, arc areas or areas of active volcanism,

contribute above average chemical weathering fluxes (Hartmann and Moonsdorf, 2011).

1.1.3.5.  Discussion of the source of Nitrogen (N2)

For the Nitrogen sources in subduction zones to be studied, contamination by air and crustal
volatile sources have to be eliminated (Zimmer et al., 2004). Potential N> sources in subduction
zones include mantle wedge, subducting crust and sediments (Sano et al., 2001). Isotopic analyses
support the addition of sedimentary N> from subducted marine sediments (Marty and Zimmerman,
1999), that nitrogen emitted from arcs has higher >’N/!*N than MORB (Fischer et al., 2002). Sano
et al. (2001) estimates the nitrogen influx from island arc as 6.4x108 mol/yr whereas that of
5.6x108 mol/yr for back-arc basins. This estimate is ~30% of the nitrogen flux from mid-ocean
ridges. Symonds et al. (2003) suggest that high No/Ar ratios, high non-meteoric N> concentrations
and heavy §'°N values indicate sedimentary source of Nitrogen. Most sources of Nitrogen are form

the MORBs but a significant amount of Ny is released and re-released from the Arc volcanics.
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1.1.3.6.  Results and discussion of sources of trace metal (nutrient elements)

Aerosols contribute to the input mechanism of the trace (nutrient) elements and poorly
soluble isotopes having a short residence time in the ocean. The elements Al, Fe and Ti occur in
low dissolved concentrations in the ocean waters (Geibert, 2018). It has been established that
nutrient trace elements such as Fe, Mn, Co, Cu, Ni and Zn have depleted concentrations in surface
sea water, mostly due to biogenic uptake whereas it is found in increased concentrations with
depth, due to remineralization of organic matter (Lohan and Tagliabue, 2018). Further studies
suggest that the formation Fe-Mn sea floor ore deposits are most likely not from biological
processes given their poor understanding (Zubkov et al., 2018) but from volcanic hydrothermal
sources (Lusty and Murton, 2018; Murray and Renard, 1891). Zircon being a heavy mineral is
immobile in the ash, showing more concentration in ash beds than the adjacent whole rock marls.
Cr and V being organophilic, prefers affinity with the kerogen, thereby resulting in more
concentration in whole rock marls than in volcanic ash.

Figure 17 shows that the rare earth element patterns of seven ash beds of EF shale match
with the andesitic arc volcanisms associated with the Aleutian, Andean and Cascades. The range
of plume-derived mafic volcanism from the Ontong Java Plateau is also plotted alongside these
andesitic volcanics. The EF shales are similar to the calc-alkaline rocks in contrast to the plume
derived mafics from the Ontong Java Plateau.

Figure 18 shows that the Bentonite samples plot as various types of basalt and basaltic
andesite based on their silica, sodium, and potassium content. A positive trend implies an increase

in Na,O+K»0 as SiO; increases.
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Figure 15: A-O: Histograms of the concentrations of nutrient elements (Cu, Co, Cr, Ni, Zn, U, Th, Pb, Sc, Hf, Ta, Mo, Zr, Y and
V) in ~300 whole rock samples of seven subsurface cores of EF (Wells 3, 12, 16, 17, 19, 20 and 24) in South Texas. The black
dotted lines in each figure represent the average concentration of the same nutrient element in the Upper Crust (Taylor and
McLennan, 1984, and McLennan, 2001). The nutrient elements are called the chemical partners of porphyrins found in the center
of the molecule (kerogen).
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Figure 16: Summary figure of the 15 nutrient elements (Figure 14: A-O) found in average of 300 samples of EF whole rock black
shales plotted against the average concentration in seven volcanic ash beds. The black dotted line is the theoretical best-fit line
between the two parameters. Notice how all the elements except for Zr, Cr and V fall very close to or on the line itself, indicating
similar concentration of the elements in volcanic ash and whole rock sample. The relation between the trace element
concentration between ash beds and whole rock EF Shale shows that there was continuous volcanism throughout the deposition
of the EF Shale. The three elements falling beyond the dash line are Cr, Zr and V and there could be multiple reasons for such
apparent discrepancy. Notice the total Fe concentrations in both the ash beds and the black shales are remarkably similar.

Most of the trace metals and iron, shown in Figure 16 are important in global oceanic
inventory for phytoplankton growth, a key in generating hydrocarbon potential. It is generally
observed that in addition to the macronutrients such as nitrogen, phosphorous and iron that are

depleted in the ocean, there are several trace elements such as Mn, Cu, Zn and Co that are deficient
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in sea water for robust phytoplankton growth (Twining and Baines, 2013; Lohan and Tagliabue,
2018).

Our general thesis in documenting the general similarity of the trace metals and Fe in
volcanic ash beds in the EF Shale and the whole rock black shales is that the ocean water cannot
supply these nutrient elements for enriching a phytoplankton growth. Although iron oxide bearing
aerosols in aeolian dust is also considered a source of iron for Fe-fertiization of oceans, in our case,
the extraneous source of Fe, (Figure 16) (McTainsh and Strong, 2007) is demonstrably the calc-
alkaline volcanic source. Thus, continuous volcanism during the entirety of the EF deposition
enhanced the phytoplankton growth and hence the ultimate enrichment of the hydrocarbon deposit

in the EF Shale.
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Figure 17: Bentonite samples plot as various types of basalt and basaltic andesite based on their silica, sodium, and potassium
content. A positive trend implies an increase in Na,O+K,0 as SiO; increases.
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1.1.4. U-PB AND LU-HF ANALYSIS OF ZIRCONS IN ASH BEDS

1.1.4.1. Methods

Zircon crystals were extracted from samples by crushing whole rock samples at first. Then
the heavy minerals such as magnetite and zircons (density >2.98) are separated using heavy liquids
separation method. Samples are processed such that all zircons are retained in the final heavy
mineral fraction. The next step is picking out the zircons from the pile of heavy minerals left behind
by the method of handpicking. A split of these grains (generally 20-25 grains per sample) are
selected from the grains available and incorporated into a one inch epoxy mount together with
fragments of Sri Lanka (SL) standard zircons. The mounts are then sanded down to a depth of ~20
microns, polished, imaged, and cleaned prior to isotopic analysis (Figure 19).

U-Pb geochronology of zircons was conducted by laser ablation multi-collector inductively
coupled plasma mass spectrometry (LA-MC—ICPMS) at the Arizona LaserChron Center (Gehrels
et al., 2006¢, 2008). The analyses involve ablation of zircon with a New Wave DUV 193 Excimer
laser (operating at a wavelength of 193 nm) using a spot diameter of 20 microns. The ablation pit
is ~12 microns in depth (Gehrels, 2011). The ablated material is carried in helium into the plasma
source of a Nu HR ICPMS, which is equipped with a flight tube of sufficient width that U, Th, and
Pb isotopes are measured simultaneously. All measurements are made in static mode, using
Faraday detectors with 3x10'! ohm resistors for 238U, 232Th, 2°Pb-2Pb, and discrete dynode ion
counters for 2*4Pb and 2°?Hg. Ion yields are ~0.8 mv per ppm. Each analysis consists of one 15-
second integration on peaks with the laser off (for backgrounds), 15 one-second integrations with

the laser firing, and 30 seconds delay to purge the previous sample and prepare for the next
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analysis. The ablation pit is ~15 microns in depth. The U-Pb analyses were done following the lab-
manual of the Arizona LaserChron Center.

The resulting ages are shown on Pb*/U concordia diagrams and weighted mean diagrams using
Isoplot (Ludwig, 2008).

Hf isotopes are determined most accurately by measurement of isotopes of Hf, Yb, and Lu,
at masses 171 through 180, with a multicollector mass spectrometer. For studies of zircon, Hf
isotope ratios can be determined by dissolution followed by TIMS or ICPMS analysis, or by laser
ablation using the same sample stages as for U-Pb by laser ablation. The same ablation spots are
used to Lu-Hf isotope systematics determination at the Arizona LaserChron Center. Hf isotope
data are acquired using a 40 um diameter spot size and a laser pulse frequency of 7 Hz over the
existing 20 pm diameter spot for U-Pb analyses. The zircon standards analyzed for the Lu-Hf
isotope systematics include Mud Tank, Temora-2, FC-1, 91500, Plesovice, R33, and SL2, which
have been analyzed by solution ICPMS by Woodhead and Hergt (2005), Slama et al. (2008),

Bahlburg et al. (2010), and Vervoort (2010).
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500 pm

Figure 19: A-D: Separated zircons of ash beds in subsurface cores of EF Shale.

1.1.4.2. Results

U-Pb and Lu-Hf geochronological data in zircons are from ash beds from subsurface and
surface samples of the Eagle Ford Shale, South Texas and the Del Rio area, West Texas
respectively. Zircons from cores yield a consistently uniform Cenomanian-Turonian boundary age
of deposition of the ash beds.

Around 150 zircons from eight ash beds (Figure 19, A-D) were collected from subsurface
cores of Wells 8, 12, 20 and 22 in Karnes, Live Oak and DeWitt counties as well as from outcrop
samples near Del Rio, West Texas. Results of the U-Pb LA-ICP-MS dating are shown in Figure
20 relative to a composite stratigraphic section. The zircons in four (8, 12, 20 and 22) of the

contiguous cores, separated on the surface by ~140 miles, give ages 93.2+1.66 Ma, 93.47+0.8 Ma,
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94.13+1.25 Ma and 93.7+1.9 Ma, from West to East (Figure 20). Zircons from Well 8 and 12 yield
a consistently uniform Cenomanian-Turonian age of deposition of the ash beds. Well 8 shows
three prominent ash beds (8-9, 8-11 and 8-13203.6) yielding ages of 81.7+2.26-1.35 Ma,
85.76+1.20-0.58 Ma and 93.2+1.66 Ma respectively (Figure 20) in gradually increasing depths.
Well 12 has three prominent ash beds (3L, 5L and 7L) with ages, 84.28+0.85-0.71 Ma, 93.47+0.8
Ma and 95.5+0.94 Ma respectively, gradually increasing in depth. Well 20 (2N) and Well 22 (1F)
yield 94.13+1.25 Ma and 93.7+1.9 Ma respectively in ash bed zircons (Figure 20 and Table 1).

The engr) of the analyzed ash bed zircons range between +6.6 to -0.6 averaging at +2.68.

1.1.4.3.  Discussion

The top and bottom of the Eagle Ford ash beds of the subsurface cores give ages from
85.76 to 95.5 Ma, suggesting duration of ~10 Ma for the Eagle Ford Shale with a deposition rate
of 28 ft/Ma. The results are shown in Figures 20 and 21, correlating the five subsurface cores of
the EF Shale in South Texas and outcrop samples in Del Rio, West Texas.

Figure 20 shows the relative positions of volcanic ash beds in the different drill cores of
EF subsurface as shown in Figure 3. Herein, the LA-ICP-MS zircon ages of the ash beds are shown
in black. Notice the boundary of the EF Shale below Austin Chalk and above Buda Limestone and
the division of the EF Shale into lower, upper and middle EF based on nannofossils, lithology and
gamma-ray data from Pioneer Natural Resources Pvt. Ltd.

Figure 21 shows the relative positions of zircon U-Pb ages from EF ash beds with respect
to the outcrop samples of the Del Rio area (Boquillas Formation). A major conclusion of our

geochronological data is that most of outcrop samples should belong to the Austin Chalk in age
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although they look as EF Shale deposits in their lithology (marl-like). The non-correspondence of

U-PDb ages are shown in figure 21.

Bentonite beds in the subsurface cores of Eagle Ford Shale
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Figure 20: Relative positions of volcanic ash beds in the different drill cores of the EF subsurface deposits as shown in Figure 3.
Herein the LA-ICP-MS zircon ages of the ash beds are shown in black. The EF Shale is bounded by Austin Chalk in the top and
by Buda Limestone in the bottom. The EF is divided into lower, middle and upper parts based on nannofossils, lithology and
gamma-ray data from Pioneer Natural Resources Pvt. Ltd. The EF dips at a shallow angle from West to East. For the tops of the
EF Shale in subsurface cores, the depth varies from 13100ft to 139501t
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Figure 21: Relative positions of zircon U-Pb ages from EF ash beds with respect to the outcrop samples of the Del Rio area
(Boquillas Formation.). This non-correspondence of U-Pb ages are shown in this figure.
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In figure 21, one can see that the samples from the Boquillas Formation in West Texas are not
correlatable with those in the EF Shale.

The average enr indicates a mantle component in the host magmas of the zircons, similar
to arc-volcanism signatures such as the Quaternary andesitic volcanism in Central Mexico (Figure
22 and Table 2). The average enr is interpreted due to continental crustal contamination (from

correlated eng and enr isotopic ratios).
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Figure 22: An example of Nd-Hf isotopic data similar to our EF data obtained from an andesitic volcanism in Central Mexican
belt. Map modified after Cai et al., 2014.
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1.1.5. RE-OS ISOTOPE SYSTEMATICS

1.1.5.1.  Methods

Polycyclic aromatic hydrocarbons of heavy molecular masses known as porphyrins
constitute a fraction of petroleum. Porphyrins are rings of pyroline and pyrole groups (5-sided
hydrocarbon rings that can complex a metal ion in the center. These porphyrins usually have high
concentrations of transitional elements (nutrient elements) such as Ni, V, Mo, Cu, Co, Pb and Zn
etc. (Figure 8). Re and Os are bound in porphyrins in the asphaltine fractions with Re concentration
reaching as high as 50 ppb in petroleum, more concentrated than Os. With age, the '8’Re/!%80s
ratio in petroleum can exceed 100.

Black shale powders were weighed and spiked with a mixed '®*Re-'"°Os spike. The
digestion and oxidation were carried out in PFA pressure vials, which were heated at 120°C for at
least 24 hours using Br>—Cr¥'03—HNOj3 (Gannoun et al., 2015) and then Os was extracted into the
liquid bromine, then dried and purified by microdistillation (Gannoun et al., 2015). The
supernatant left after Os extraction was reduced with ethanol and Re was extracted and purified
using iso-amylic alcohol and 2M HNOs prior to recovery in ultrapure water (Birck et al., 1997).

Os isotopic analyses were carried out by Negative Thermal Ionization Mass Spectrometry
(NTIMS) on a Thermo Fisher Scientific Triton at Laboratoire Magmas et Volcans (LMV) at
Observatoire de Physique du Globe de Clermont-Ferrand, France. The analyses were performed
using the secondary electron multiplier in ion counting mode as detector. Os isotopic compositions
for all samples were determined by peak-jumping of the OsOz3- ion beam on masses 233, 235, 236,

238 and 240 (Gannoun et al., 2015). Osmium isotopic ratios were normalised to a '*2Os/!*80s ratio
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of 3.08271 (Nier, 1937) and corrected off-line to remove spike and oxygen contributions using

80/1%0 and 70/'°0 ratios of 0.002047 and 0.0003708 respectively (Nier, 1950).
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Figure 23: Isotope evolution of the continental crust and mantle. The mantle slope corresponds to a chondritic Re/Os ratio as
shown by Allegre and Luck (1980).

Repeated analyses of the JM Os standard obtained on separate loads of 100 pg (n=12)
yielded average '¥70s/!'%80s ratios of 0.17391 + 0.00026, respectively. These values are in good
agreement with published Faraday cup N-TIMS values of 0.17394 + 14 (Birck et al., 1997) and

0.17398 + 35 (Schaefer et al., 2000.)

1.1.5.2.  Results

Six Lower Eagle Ford and four Middle Eagle Ford kerogen rich rocks show characteristic
high Re-Os ratios. The initial '¥7Os/!'%80s at 93 Ma, the time of deposition of the Eagle Ford Shale
of the ten whole rock samples, range between 2.466 to 5.111 (Table 7) with a majority of the

samples lying between 2.46 and 3.62. In a Re-Os isochron diagram only three whole rock samples
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yield a reasonable isochron of 76413 Ma with an initial '¥7Os/!#0s ratio of 2.52+0.22. Other seven

samples show scattering and do not define reasonable isochrons.
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Figure 24: Re-Os isochron diagram. Only three of the whole rock black shale samples fall on an isochron diagram suggesting a
probable age of 76 Ma for oil generation. The non-linear relationship of seven whole rock data points may be due to mobility of
the kerogen rich layer and mixing with the kerogen poor sediments.

1.1.5.3.  Discussion

The '870s/'®0s values at the time of deposition of the EF Shale indicate a continental

crustal origin of the Os without taking into account the sea water Os-isotopic composition at 93
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Ma. The continental crust fractionates Re from Os, the older continental crustal '370s/!%80Os ratio
(Figure 23) deviates strongly from the mantle ratio of around 0.124 at 93 Ma. The initial isotope
ratio of the 76 Ma isochron in Figure 25 is 2.52+0.22, similar to ancient continental crust (Figure
23) whereas the other six falling on a separate isochron are far older than the 76 Ma rock.

Only three of the whole rock black shale samples fall on an isochron suggesting a probable
age of 76 Ma for oil generation or kerogen maturation. The non-linear relationship of seven whole
rock data points in the Table 7 and Figure 24 may be due to mobility of the kerogen rich layer and
mixing with the kerogen poor sediments. Two different isochrons can be constructed from the set
of data depending on the mobility of both the Re and Os (Figure 24).

Altogether, the results were inconclusive as the Re-Os data suggest mobility of both the Re
and Os in the kerogen-rich layers within the analyzed 150 ft range of core 8. Perhaps, during the
Chicxulub Impact at 66 Ma the kerogen layers were disturbed. It may not be surprising if we
assume that the EF black shales were still soft sediments at the time of impact and the maturing
kerogens were mixed vertically and horizontally, causing the disturbance in the Re-Os isotope
systematics as observed in Figure 24 and its effect/impact on the Gulf of Mexico (Denne et al.,
2013; Scott et al., 2014). In this context, a recent study by DePalma et al. (2019) on a seismically
induced onshore surge deposit at the Cretaceous-Paleogene boundary in North Dakota may be

plausible.
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CHAPTER 2:
RAMAN MICROSCOPIC STUDY OF KEROGEN MATURITY

1.2.1. Introduction

Optical inspection of vitrinite macerals (vitrinite reflectance) helps in the determination of
thermal maturity of kerogen (Diesel et al., 1978). This technique may be applied to disperse
organic matter (DOM) in shales to estimate the thermal maturity for petroleum exploration (Taylor
et al., 1988). Laser micro-Raman spectroscopy allows us to get information on the short-range
structural and chemical properties of different materials (Figures 25 and 26). It can be used to
study small dispersed maceral grains as one can collect spectral data from a laser spot 2-10 pm
diameter (50x-10x magnification) in the Thermo DXRxi Raman microscope (Figures 28 and 29).
This technique enables analysis of data where the peaks of carbon are resolved into Gaussian bands
(Wilkins et al., 2013). Raman Maturity Method (RaMM) has been developed for the determination
of thermal maturity, avoiding the challenges of distinguishing the different macerals. Raman
imaging also reveals, with high spatial resolution, the presence of several inorganic minerals
(pyrite, marcasite, anatase and calcite). Raman thermal maturity images, plotted by Full Width and
Half Maximum (FWHM) values of G-band by Thermo Scientific at UT Arlington on Eagle Ford
black shales, showed that although relatively uniform overall, the areas close to minerals show

lower maturity.
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Figure 25: Oil sample features can be determined using video mosaic image. The red square is the area where Raman imaging
was performed.

Figure 26: Superimposed view of video and Raman images with the kerogen in red.
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Other methods, such as RockEval pyrolysis, X-Ray Diffraction (Nishimura et al., 2000)
and high-resolution transmission electron microscopy (Beyssac et al., 2002a), have also been used
to estimate the graphitization of organic matter but these techniques are usually limited and
destructive. Raman spectroscopy on the other hand is non-destructive, quicker, and easier and has
been used to characterize the structure of the organic matter and the source rock. Raman scattering
is a function of the molecular vibrations and symmetries of chemical bonds (Wilkins et al., 2014).
Raman spectroscopy offers a high spatial resolution in the micrometer range (Marshall et al.,
2012). The first-order Raman spectrum of kerogen consists of two main peaks (Cesare and
Maineri, 1999; Marshall et al., 2010). The G band appears at ~1600 cm™! and is indicative of well-
ordered, graphite-like carbon structures in the kerogen (Wilkins et al., 2014). The D band appears
at ~1350 cm!. The G and D peaks shift towards higher and lower wavelengths, respectively, as
maturity of the kerogen increases. The Raman band separation (RBS), which is the wavelength
separation between the G and D peaks, has been proposed as a reliable maturity indicator (Kelemen
and Fang, 2001). Kelemen and Fang (2001) also present that the most significant maturity-relate
change for fresh samples is a drop in the Raman intensity ratio from 3.2 to 2.4 and narrowing and
shift to lower frequencies for the D band. The more the maturity, the greater is the Raman G-D

band separation and the fp/fc intensity ratio decreases (Figure 27).

1.2.2. Methods

Thirty-four (34) billets of black shale distributed throughout the ~300 ft Well 8 core, from
Lower to Upper Eagle Ford were used in this study. Twelve (12) thin sections were prepared and
petrographic study was done at the University of Texas at Arlington. The thin sections were

optically studied using a Leica DM750P polarizing microscope.
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The Raman spectra on 34 billets subsequent analyses were carried out on a Thermo
Scientific DXRxi Raman Imaging spectroscope in the Department of Earth and Environmental
Sciences, UT Arlington. The instrument was calibrated based on an already mature kerogen
fraction in the core, the ones that have been mobile and moved from the pores [of what?] to the
foraminifers in the black shale. Thin sections or flattened/polished core sections were used
selecting only the kerogen rich areas of the core throughout its depth. Spectra were generated using
a 10X objective and 532 nm laser. The laser spot size at the time of analyses were ~10 um (Figures
28 and 29). The operating conditions were 1 — 5 sec acquisition time, 1 — 5 accumulations and 0.4-
0.5 mW laser power. The Raman maps were made in standard 2D mode along the XY plane of a
thin section. The accuracy of the Raman peak positions was generally considered to be =1 cm™!.

The maps display the geometrical distribution of phases in detail, more importantly where
mixed phases are concerned. The maps allow to search new phases in selected fluid inclusions (or
selected area) if some phases were missed by single point analysis. Though the DXRxi Raman
imaging microscope is calibrated through auto-alignment, Si (520.5 cm™! peak) is used to recheck

the calibration.
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Figure 27: Locations of the G (graphitic) and D (disordered) bands in the Raman shift in two different samples of varying
kerogen maturity. Depending on change in maturity, these peaks move closer or further away from each other.
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Figure 28: Raman imaging of kerogen rich foraminiferal test (red spot) in the marl (dull brown color, indicating presence of

kerogen, under 10x, confocal lens, in reflected light).

D-band “

. A A
LA , /‘;‘,A-\r‘b WY T Y Yt
Wt g pan 0 "

Figure 29: Raman spectra of the spot in Figure 28.
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1.2.3. Results

The G and D peaks shift towards higher and lower wavelengths, respectively, as maturity
of the kerogen increases (Kelemen and Fang, 2001). The Raman band separation (RBS), which is
the wavelength separation between the G and D peaks, has been proposed by (Kelemen and Fang,
2001) as a reliable maturity indicator. Kelemen and Fang (2001) also present that the most
significant maturity-relate change for fresh samples is a drop in the Raman intensity ratio from 3.2
to 2.4 (G:D) and increase in D:G area ratio and narrowing and shift to lower frequencies for the D
band. The more the maturity, the greater is the Raman G-D band separation and the fp/fG intensity
ratio decreases. Raman thermal maturity images, plotted by Full Width and Half Maximum
(FWHM) values of G-band by Thermo Scientific at UT Arlington on Eagle Ford black shales,
showed that although relatively uniform overall but have a relatively higher thermal maturity
towards the Lower Eagle Ford in comparison to the Upper Eagle Ford. FWHM, positions of the G
and D bands and D/G area ratio are the most sensitive parameters to maturation (Guedes et al.,
2010; Zhou et al., 2014; Liinsdorf, 2016; Schito et al., 2017).

The G-D vs Ro% of global black shales with different maturity shows a curvilinear
relationship with R?=0.7735. The EF black shales of the entire core #3 fall between 0.7-1.4 Ro%
and G-D of 240-270 cm’!, a narrow cluster in this plot. As we know the entire EF core #8 is
thermally matured, the R0% of the EF Shale samples fall in a narrow and restricted part of this

curve (Figure 32).
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Depth vs TOC% Depth vs Tmax (°C) Depth vs Ro%
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Figure 30: Plot of the Total Organic Carbon (TOC), Tiax and Ro% of Well 8 against the depths shows a correlation between the
three parameters. With depth, it is seen that the TOC, Tiax and Ro% bear a linear correlation with each other. With increase in
TOC, the other two increase and vice versa, along the depth. There is a change in the variation, near the C/T boundary around

132001t mark.

1.2.4. Discussion

Total organic carbon (TOC), Rock-Eval Pyrolysis, Tmax and Thermal Maturity
measurements, and vitrinite reflectance (VRe) are estimated of 34 billets of the EF core (Figure 30
and Table 8), Well 8 from Geomark Research Ltd. By plotting these parameters against depth Plot
of the Total Organic Carbon (TOC), Tmax and Ro% of Well 8 against the depths shows a correlation
between the three parameters. With depth, it is seen that the TOC, Tmax and Ro% bear a linear
correlation with each other. With increase in TOC, the other two increase and vice versa, along
the depth. Notice the change in the variation, near the C/T boundary around 13200ft mark.

In Figure 31, for the G-D (RBS) of the exact same 34 samples of the core plotted against

the depth, one can see a negative correlation. The RBS varies inversely with the Tmax and VRe
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analysis as well as with the TOC. G-D (RBS) is mapped along the depth of the 300 ft long Well 8
core. There is a very small variation in the RBS over this vertical extent. The kerogen maturity

should fall within a short bound due to this small RBS variation (Table 9).

Depth vs G-D
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Figure 31: G-D (RBS) is mapped along the depth of the 300 ft long Well 8 core. There is a very small variation in the RBS over
this vertical extent. The kerogen maturity should fall within a short bound due to this small RBS variation, independent of depth.
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Figure 32: RBS vs Ro% for black shales across North America and Saudi Arabia, of different ages of formation, create a curve
that helps in the estimation of the RBS or Ro% depending on the unknown. The best-fit curve is a polynomial with R>=0.7735.
The EF black shale kerogen maturity (Ro%) plotted against its RBS falls on this best-fit curve indicating that the method applied

in using Raman as an indicator of thermal maturity works.

Interestingly, however, when the VRe/R0% of all 34 EF Shale samples are fitted on a curve

from data from established literature, they fall on the best-fit line, where the Type II and Type III

kerogens fall. EF Shale has both Types II and III kerogens indicating both oil and oil and gas

forming compositions. The Ro% are plotted against the RBS (cm™) on the y-axis. The EF Shale

samples fall in a narrow range of VRe/R0% (0.7-1.4) indicating a semi-constant value of the Ro%

in a given G-D band range. The narrow range of Ro% indicates that the entire deposits of the EF

Shale have the same thermal maturity, or it attained maturity in one shot.
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CHAPTER 3:

HIGH PRECISION STRONTIUM (SR)-ISOTOPES AT THE OCEANIC ANOXIC
EVENT 2 (OAE2)

1.3.1. Introduction

The Cretaceous sea water Sr isotope composition at some Deep-Sea Drilling Projects (DSDP)
sites sites has been studied (Bralower et al., 1997). The work documented lower ' Sr/*Sr values
in the Aptian and early Albian stages, higher in the mid-Albian-Cenomanian stages, and then a
decrease in the early Turonian stage (Figure 33).

The global strontium (Sr) isotopic ratios of sea water reflect a balance between the radiogenic
87Sr/36Sr values (~0.7045 to 0.943) of detrital input via rivers and aerial weathering from the
continental crust (Faure et al, 1967; Veizer, 1989), and 8’Sr/%Sr values (~0.703) (Veizer, 1989)
from hydrothermal systems (water/rock interactions and basalt alterations), termed as mantle flux
(Faure, 1986; Edmond, 1992). The Sr-isotopic composition of sea water changes over the geologic
time scale (Wickman, 1948; Peterman et al, 1970). Sea water ’Sr/%Sr increases after an episode
of orogenesis and continental suturing, which results in an increase in the rate of weathering and
erosion and continental flux into ocean (Clauer, 1976; Richter et al., 1992). An increase in mantle
flux induced by fast seafloor spreading and continental rifting (Larson, 1992), and plume
volcanism (Jones and Jenkyns, 2001) decreases sea water 3’Sr/*Sr values. High atmospheric pCO»
also intensify chemical weathering of continental rocks, thus sea water 8’Sr/%Sr water (Worsley
and Kidder, 1991).

The residence time of strontium is long (~ 3-5 x 10° years), whereas the average mixing time
of the ocean is ~10° years (Veizer, 1989; Goldberg, 1963). Therefore, the 37Sr/3Sr ratio of global
ocean water is assumed to be homogeneous (Burke et al., 1982). Due to the large isotopic

difference between the two main sources of Sr, the 87Sr/%Sr composition of sea water tracks long-
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term changes in the weathering of the earth’s surface (Halverson et al., 2007) and the importance
of the hydrothermal flux (Richter et al., 1992).

Although the global ¥'Sr/%¢Sr sea water curve during the OAE2 of previous studies is
broadly accepted, are samples are discontinuous and disparate, for which further close spaced high
precision data is required, which forms the basis of our study. Previous work has been carried out
at the DSDP sites 463 (Ando et al., 2009), 551 (Goban Spur, North Atlantic Ocean), 258
(Naturaliste Plateau, Indian Ocean) and platform carbonates of Italy (Jenkyns et al., 2016).

Lower sea water 8’Sr/*Sr values and deposition of organic-rich sediments are co-incidental
with volcanism and change in sea level (Coccioni et al., 1987; Bralower et al., 1994). It has been
shown that sea water Sr-isotope values were high below the organic-rich sedimentary rocks
deposited during the OAE2 and were low above the black shale deposition (Bralower, 1988). It

has been suggested that the change was due to a volcanic episode (Haq et al., 1987).

1.3.2. Methods

The strontium sample preparation and ion exchange column chemistry were carried out in
the Clean Lab facility of UT Arlington. Between 10-20 mg of whole rock black shale samples
were crushed and weighed out. 10-20 mg samples was adequate to collect at least 300 ng of Sr as
the bulk rock EF shale shows an average a Sr concentration of 600 ppm. These samples were
dissolved in 1.5 N Hydrochloric acid (HCI) for 1 minute in order to dissolve the calcite to form
CaClz in solution. The CaCl solution was pipetted out carefully making sure that none of the
silicates or kerogen are pipetted out. This solution was then dried on the hotplate overnight at 80°C
in open Teflon beakers. Peroxide was then added to the sample to dissolve any remaining organic

matter and dried at 180°C. 3.5N Nitric acid (HNO3) was then used to dissolve the dried sample
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and the solution pipetted out into centrifuge tubes. The solution was centrifuged for 30 minutes
twice.

Strontium was separated in cation exchange columns using 0.2 ml Sr-Specific (50-100
mesh) columns, which were conditioned with 3.5N HNO3. The sample is loaded in 500 pl of 3.5N
HNO:s and then washed with 25 pl of 3.5N HNOs three times to remove the rare earths. Afterwards

the column is rinsed with 1160ul of 3.5N HNOs3 and in a fresh beaker, the Sr is collected with 560

pl of 3.5N HNOs3.Strontium analysis was carried out in the Thermal Ionization Mass Spectrometer

(ThermoFinnigan TRITON) at Boston University, using SRM 987 Sr standard.

1.3.3. Results

High-Precision Sr-isotopic data were generated by analyzing 28 closely spaced samples
from a sub-surface core of the Eagle Ford Shale. The core covers the Cenomanian- Turonian
boundary at a depth of 4000 m from the surface. The core sample has well demarcated the
Austin Chalk, the Eagle Ford Shale, and the Buda Limestone, ranging around 30-46 m.

The ¥Sr/%¢Sr values range from 0.707405 — 0.707566 for the 300 ft long EF Shale core,
Well 8 (Figure 33 and Table 3). The ¥’Sr/*Sr sea water curve from 28 close spaced carbonates
in black shales of 300 ft EF Shale subsurface core displaying a lesser radiogenic input of
87Sr/%6Sr during C-T event (OAE2) and leading up to it, in comparison to the most recent global
87Sr/%Sr sea water curve established by Jenkyns et al. (2016) from platform carbonates in Italy.
Notice how the curve by Jenkyns et al. (2016) do not trace the entirety of the OAE2 during
which the entire EF Shale was deposited but during the short duration of C-T boundary, their

samples show a zigzag variation of the 8’Sr/*Sr with much larger errors. The lowering of the
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87Sr/%6Sr ratios before C-T boundary and its gradient increase in the Turonian indicate arc

source, some considering large scale global arc volcanism in the Cretaceous (Lee et al., 2018;

Figure 34).
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Figure 33: 7Sr/%6Sr sea water curve from 28 close spaced carbonates in black shales of 300 ft EF Shale subsurface core
displaying a lesser radiogenic input of ¥’St/%Sr during C-T event (OAE2) and leading up to it, in comparison to the most recent
global ¥7Sr/%Sr sea water curve established by Jenkyns et al. (2016) from platform carbonates in Italy. Notice how the curve by
Jenkyns et al. (2016) do not trace the entirety of the OAE2 during which the entire EF Shale was deposited but during the short
duration of C-T boundary, their samples show a zigzag variation of the #’Sr/*¢Sr with much larger errors essentially obliterating

the variation observed in this study. The lowering of the 87St/*Sr ratios before C-T boundary and its gradient increase in the
Turonian indicate arc source, some considering large scale global arc volcanism in the Cretaceous (Lee et al., 2018; Figure 34).
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1.3.4. Discussion

The Sr isotopic ratios of global sea water, because Sr has a long enough residence time of
1-2 Ma in sea water, is well-mixed and generally believed to reflect continental weathering,
MORB including hydrothermal strontium input and plume volcanism of ocean basins. A high-
Precision Sr isotopic ratio curve for the entire duration of deposition of the EF Shale including
the C-T boundary is attempted herein. Figure 33 shows the data attained in separated
carbonates of the EF Shale in the single core (Well #8 of Figures 3, 5, 6 and 20) covering a
thickness of ~300 ft. The 3Sr/%¢Sr values range from 0.707405 — 0.707566 for the 300 ft long
EF core, Well 8.

There is a sharp decrease in the isotopic ratio before the C-T boundary, in the Cenomanian?
and then in the progressive increase in the Turonian. There is also a difference from the recently
reported variation by Jenkyns et al. (2016). We interpret this lowering in the 87Sr/%¢Sr ratios as
indicating input from less radiogenic arc volcanism, in contrast with mafic or plume volcanic
sources considering the large scale global arc volcanism during Cretaceous (Lee et al., 2018).

Our high-precision Sr-isotopic analyses clearly shows considerable variation across the
Cenomanian-Turonian boundary and into the Turonian. In contrast, the most recent ¥Sr/36Sr
variation by Jenkyns et al. (2016), with larger 2 errors essentially obliterates the variation as

observed by this study.
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Figure 34: Wide scale global volcanism during the Cretaceous leading to CO; fluxes, sourced from the volcanisms (Island and
Continental Arc volcanisms especially), Lee and Lackay, (2015). From our study, we can conclude that there was continuous,
enormous quantities of CO» released during volcanism from 84 Ma to 95.5 Ma atleast.
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CONCLUSION

We have demonstrated in Figure 16 that most of the micronutrients and Fe are equally
sourced in the extraneous volcanic source and the host rock for the volcanic ash in the EF black
shales. We have also documented above, the ubiquity of the ash beds throughout the EF deposition,
not only obviously visible ash layers in cm scale to much greater in thickness (Figures 5 and 6)
but also in fine lamellae-like thin layers that disappear in microscopic scale into micro-fragments

of phenocrysts (Figures 10-14).
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Figure 35: Schematic representation of the origin of kerogen from phytoplankton and volcanic ash.

Figure 35 is a visual representation of above-mentioned observation. Continuous andesitic
volcanism creating aerosols cover the lush phytoplankton growing on the surface of the sea
resulting from the high CO: in the atmosphere during the Cretaceous (from Barremian to
Coniacian) (Figure 34). The phytoplankton get covered by the aerosol blanket and together
submerge on the bottom of the shallow sea. The next phytoplankton bloom meets the same fate
with the ash layer blanket, immersing below and covering the previous layer. These successive

layers maintain an oxygen-deficient environment, preventing oxidation of the organic layer from
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decomposition. Ultimately, preservation of these organic-rich layers results in kerogen-rich
deposits of the EF Shale. This model of oil-generation is of course, suggested for the EF as we
have documented the geology, petrography, geochemistry and geochronology of the entire EF
Shale cores with a model of continuous volcanism as indicated by the volcanogenic clay (swelling

clays/smectites) throughout the EF black shale succession (Figures 8 and 9).
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SYNCHRONOUS ACID VOLCANISM WITHIN THE DECCAN:
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Supervising Professor: Asish R Basu

Abstract

The Deccan Traps (DT) volcanism along with the Chicxulub bolide impact have been implicated
in the Cretaceous-Paleogene (K-Pg) mass extinction. Recent studies used ‘redbole’ lava
weathering surface U-Pb zircon geochronology to reconstruct a high-precision timeline of DT
basaltic-volcanism suggesting a few high-volume eruptive periods. Relationship between acidic-
carbonatitic-intrusives within DT and DT flood magmatism remain unknown. We present high-
precision zircon U-Pb ages from two intrusive acid igneous complexes, Alech and Barda Hills in
Saurashtra Peninsula, determined using chemical-abrasion isotope dilution thermal ionization

mass spectrometry (CA-ID-TIMS). Crystallization ages for Barda (65.751+0.020 Ma) and Alech

(65.724+0.017 Ma) granophyres indicate synchroneity with DT basaltic-volcanism, ~265 kyr
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younger than K-Pg boundary. Located ~580 km NW of the most voluminous DT in western Ghats,
near Mumbai, India these complexes were emplaced during a magmatic lull between Ambenali
and Mahabaleshwar Formations. Lower precision U-Pb zircon ages of three other acid intrusives
from the Girnar, Rajula and Phenaimata complexes, by laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS), overlap the age of DT, also falling in the age gap between
Ambenali and Mahabaleshwar Formations. The €uginitaly of a few zircons (+6.4 to -8.9), whole-
rock Sr/36Srinitiary (0.702439-0.760932) and end(initialy (+1.11 to -35.7) values for all five intrusives
suggest significant reworking and anataxis of older continental crust, consistent with PRIMELT3
1341°C liquidus temperature estimates of associated basalts and Rhyolite-MELTS 958°C
estimates for granophyres. We conclude that these felsic intrusive complexes, occurring over a
wide region in the Deccan, originated by plume-induced catastrophic melting of continental crust,
soon after the high-flux event of the DT that formed the Ambenali Formation following K-Pg mass

extinction.
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CHAPTER 4:

SYNCHRONOUS ACID VOLCANISM WITHIN THE DECCAN: PLUME HEAD-INDUCED

ANATEXIS NEAR THE END-CRETACEOUS MASS EXTINCTION

2.1.  Introduction

Deccan Traps (DT) continental flood basalt eruption in the Indian Peninsula have been
proposed by Courtillot et al. (1988) and Courtillot and Renne (2003) as the cause of the K-Pg mass
extinction, in contrast with an extra-terrestrial impact event (Alvarez et al., 1980). More than 25
years ago, it was also shown that the DT eruptions were in several pulses beginning at least several
million years before the main volume tholeiitic pulse of the DT (Basu et al., 1993). Recent high-
precision U-Pb ages in zircons from weathering surfaces (redbole-bearing) of the tholeiitic flows
(Schoene et al., 2015, 2019) as well as Ar-Ar dating of the main sequence high-flux DT eruptions
(Sprain et al., 2019) focused on small differences in relative timings of the impact, the K-Pg mass
extinction and the major pulses of the lava eruptions in scales of only several thousands of years.
Inherent in these small-scale differences of eruption ages is the consideration of the proposal of
triggering the largest DT eruptions by the K-Pg boundary impact (Richards et al., 2015).

Although the DT dominantly comprise of tholeiitic flood basalts and basaltic andesites,
there are well-documented examples of rhyolite, trachyte, basanite and carbonatites (Lightfoot et
al., 1987; Basu et al., 1993; Sethna et al., 1999; Sheth et al., 2011; and others) found throughout
the DT. Some of these studies, dealing mostly with trachytic and rhyolitic rocks within the DT
were concerned with mixing, melting of mafic and felsic magmas. In this study, we focus on a few

acid intrusives within the DT occurring as discrete, individual complexes and sometimes
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associated with non-tholeiitic, alkalic-carbonatitic lithologies that appear to be of nearly same age
as the main tholeiitic pulse of the DT. These intrusive complexes with heterogeneous lithologies,
set within DT’s major structural tectonic framework, lineaments and cratonic uplifts are shown in
Figure 36: the acid complexes are shown in yellow triangles and the green stars are for the alkalic-
carbonatitic complexes. We provide high precision CA-ID-TIMS U-Pb zircon ages of Alech and
Barda acid complexes, marked as 11 and 12 (Figure 36), to the west aligned with the Narmada
lineament. We also provide LA-ICP-MS U-Pb zircon ages for the Girnar, Rajula and Phenai Mata

complexes, marked as 13, 16 and 15, respectively, in Figure 36.
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Figure 36: Map of part of the Indian Peninsula showing the approximate locations of many of the acid igneous complexes
associated with the Deccan Traps (DT) volcanism and its major structural tectonic framework. Also shown, corresponding U-Pb
ages from a recent study, Schoene et al. (2019) from redboles, weathering surfaces between the lava flows. The dates are refined

from stratigraphic Bayesian model. Vertical grey shaded bar represents Chicxulub impact age (Clyde et al., 2016), Cretaceous-
Paleogene (K-Pg) 66.016+0.050 Ma.

Magneto-Tellurics (MT), Deep Resistivity Soundings (DRS) and Deep Seismic Soundings

(DSS) have been able to give information about the high velocity traps (Deccan Traps) underlain
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by low velocity Mesozoic sediments (Sarma et al., 2004; Reddy P.R., 2005). The Saurashtra
Peninsula is a horst composed of Mesozoic and Cenozoic sediments, covered mostly by Deccan
traps. There are three prevalent lineament trends, which are intersecting, NE-SW Delhi trend,
ENE-WSW Narmada trend and NNW-SSE Dharwar trend (Chopra et al., 2014). The Mesozoic
sediments underneath the Deccan Traps are thicker in the southern part of Saurashtra (2-3km) and
insignificant in the NE part (few hundred of meters) (Figures 37 and 38).

The 1D shear wave velocity profile gives the top layer (Deccan Traps) a thickness between
0.8 and 1.4 km (Figure 37), underlying Mesozoic sediments (2.0-2.5 km thick) and the basement
which is 1.2-5.0 km thick (Chopra et al., 2014). The crustal depth of Saurashtra Peninsula varies
from 33 to 37 km (Tewari et al., 2009). In the northern part of Saurashtra, there is a crustal thinning
of around 7 km whereas there is a 10 km up-warping of the Moho beneath Junagadh, in the central
part (Figure 38). This might be due to mafic igneous intrusions that cause the under-plating (Tewari
et al., 2009). The Moho depths and V,/V; ratios were measured by Chopra et al. (2014) using the
methodology proposed by Zhu and Kanamori (2000). From the V,/V;ratios, Chopra et al. (2014)
calculated the crustal elastic property, which is defined by Poisson’s ratio (c) using the equation

o = ((Vp/Vs)? —2)/2((Vp/Vs)* — 1)

The mafic/ultramafic rocks usually have high V,/Vs and partial melt affects the Vp/V; ratio
(Watanabe, 1993). It has been documented that o is sensitive to the composition of rocks, presence
of fractures and partial melt (O’Connell and Budiansky, 1974; Mavko, 1980; Chopra et al., 2014).
As the silica content goes up, the ¢ decreases whereas increase in mafic content causes an increase
in the o values (Zandt and Ammon, 1995). The ratio V/V; in the Saurashtra region varies between
1.61 and 2.09, with an average of 1.81 and intermediate ¢ values (0.19-0.32, average 0.27). The

intermediate ¢ values in Saurashtra show that the region has crust of intermediate composition and
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some of the stations have ¢ = 0.3 which may be related to presence of local partial melt close by

(Chopra et al., 2014) (Figures 37 and 38).

West East
DWARKA LALPUR RAJKOT SURENDRANAGAR
5y : v : v T, S

RHA S - Continental crust:

= i < Eastern Saurashtra - -

< 20 — : : Syeen : : i : dinhniia o 20

£

830 . MOHO 30
40— i i 40
50 50

0 100 200 300
Distance (km)

Figure 37: EW section in north Saurashtra showing 7 km crustal thinning (Chopra et al., 2014).
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Figure 38: NS section in Junagadh, Central Saurashtra with 10 km up-warping of Moho (Chopra et al., 2014).
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2.2. Methods

Ten whole rock samples of rhyolites and granophyres from the five acid complexes were
crushed for zircon separation by heavy liquids and then by handpicking under binocular
microscope in our laboratory in UT Arlington. 142 of these separated zircons were mounted and
polished on plugs at the Arizona LaserChron Center and then analyzed for U-Pb geochronology
by Element2 HR ICPMS with New Wave DUV 193 Excimer laser, and for Lu-Hf isotopes by Nu
HR ICPMS by New Wave UP193HE laser. Zircons from two of the samples, Alech 7 and Barda
6, were also analyzed for high precision U-Pb geochronology by CA-ID-TIMS method using
EARTHTIME tracer in the MIT laboratory on a VG Sector 54 mass spectrometer. Thirty-six whole
rock samples from the seven acid intrusive complexes were analyzed for major oxides by Jobin-
Yvon Ultima-C ICP-OES at Boston University using the flux fusion method. Sr and Nd of twenty-
five of these five acid intrusive samples and associated basalts were separated in the Ultra Clean
Laboratory, UT Arlington following the ion-exchange chromatography techniques developed in-
house and Boston University. These samples were analyzed using the ThermoFinnigan TRITON
at Boston University for the Sr-isotopes and Nu Plasma 1700 MC-ICP-MS at the Water Quality

Centre, Trent University for the Nd-isotopes.

2.3. Results

In this study, we report lower precision LA-ICP-MS along with high precision CA-ID-
TIMS U-Pb zircon ages, the latter in two of the five complexes, most of them in the Saurashtra
Peninsula (marked in yellow triangle, Figure 41) and falling along the E-W Narmada rift (Figures

36, 41). Our data also include (Figure 40) Lu-Hf isotopes in the same zircons analyzed for U-Pb
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age by LA-ICPMS and by CA-ID-TIMS (Figure 39 and Table 11). The LA-ICPMS data of the

zircons (Table 10) in the five acid complexes are summarized in a plot in Figure 40 along with the

K-Pg boundary age. The Lu-Hf isotopes, enr initial values (+6.4 to -23.4) of the zircons analyzed

in this LA-ICPMS study are reported in Table 12, along with two samples done by CA-ID-TIMS

(Table 12).
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Figure 39: A: High-precision U-Pb ages in zircons obtained by CA-ID-TIMS method of two acid granophyre intrusives. B: The

weighted mean average ages of the two granophyres, A7 (65.724+ 0.017 Ma) and B6 (65.751+0.020 Ma), C: the acid

granophyres are only ~265kyr younger than the K-Pg boundary.
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Figure 40: Weighted mean LA-ICP-MS U-Pb ages of zircons from five acid intrusive complexes in the DT are summarized in
this figure along with K-Pg boundary age (Schoene et al., 2019). ‘n’ represents the numbers of zircons analyzed per sample.

Our high-precision U-Pb ages in zircons of two acid granophyre intrusives are shown in
Figure 39 and compared with DT zircon ages in redboles weathering surface of the different DT
lava formations (Schoene et al., 2019). These redbole zircon ages were refined from stratigraphic
Bayesian model and Markov Chain Monte Carlo method (Schoene et al., 2019) and the data in two
major formations of the DT, namely the Ambenali and Mahabaleshwar, are shown in Figure 39A
as the two granophyre ages fall tightly between these two formations. The weighted mean average
ages of the two granophyres, A7 (65.724+ 0.017 Ma) and B6 (65.751+£0.020 Ma) are shown in

Figure 39, that are only ~265 kyr younger than the K-Pg boundary.
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Major element compositions of acid igneous rocks and associated basaltic rocks of seven
igneous complexes including Pavagadh (marked 14 in Figure 36) and Osham complexes in Figure
41 are reported in Table 14. The olivine liquidus temperatures using PRIMELT3 of the basalt with
MgO >7 wt% (Herzburg and Asimow, 2015) and the crystallization temperature of these acidic
volcanics using Rhyolite-MELTS (Ghiorso and Gualda, 2015) were calculated (Table 14) and
plotted in Figure 46. The estimated mantle potential temperature (1550°C) by Herzburg and Gazel
(2009) of the DT using PRIMELT3 is also plotted in Figure 46, and of the basalts of this study are
shown in Table 14.

Sm-Nd and Rb-Sr systematic data, the initial eng and initial 37Sr/%6Sr isotopic composition
of both mafic and acidic rocks of the five intrusive complexes (Figures 42 - 45) are shown in Table
15 and plotted in Figure 46. Initial eng values (1.1 to -35.7), initial ¥ Sr/*Sr values (0.702439-
0.760932) are shown in this figure along with Sm-Nd model ages after DePaolo (1986). Also
shown are the general range of the al DT lava flows in dotted outline; and in solid red, the isotopic
ranges of the Poladpur, Ambenali and Mahabaleshwar formations are shown for comparison (Peng

et al., 1994; Basu et al., in preparation 2019).

2.4.  Discussion

Figure 36 shows part of the Indian Peninsula with approximate locations of igneous
complexes of western and northwestern India that are associated with the DT. With the exception
of the two alkalic intrusives, 1 and 2 in Figure 36, most of the rest are within the current exposures
of the DT shown in red. The relationship of the intrusives with the major E-W trending Narmada-
Son lineament, and some of the cratonic uplifts (Figure 36) are noteworthy. The high-precision U-

Pb ages of zircons in granophyres of two acid laccolithic complexes, farthest to the west in the
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Saurashtra Peninsula (11 and 12 in Figure 36) along the Narmada lineament were recently
presented (Basu et al., 2018). Their more precise ages and petrogenetic relationship with the main
tholeiitic pulses of the DT and the K-Pg boundary age are discussed herein. As the new age data
presented herein are U-Pb ages in zircons of acidic complexes within the Deccan, a key feature of
this discussion includes the high-precision U-Pb ages of zircons between the lava flows of the
main DT Formations (Schoene et al., 2015, 2018), although new *°Ar/*°Ar ages on DT Formations
are also available (Sprain et al., 2019). It is worth noting that redbole aerosol zircons from Schoene
et al. (2015, 2019) between the lava surfaces of the various formations of the DT were very likely

sourced from the acid eruptive complexes of this study shown in Figure 36.

U-Pb zircon ages:

A (Alech): 65.751 £ 0.020 Ma

B (Barda): 65.725 + 0.017 Ma

G (Girnar): 66.37 + 0.7 Ma

R (Rajula): 67.1 + 1.3 Ma

PM (Phenai Mata): 66.44 + 0.62 Ma

Ar-Ar ages: A ¥ U-Pb age: 66.016+ 0.050 Ma |

PG (Pavagadh): 66 Ma (Kaneoks and Haramura, 1973
64.9+0.8 Ma (Purisio etal. 2016)
O (Osham): 65 Ma (sheth etal. 2012)

(Schoene et al., 2019) |

Figure 41: High resolution relief map of the part of the Indian subcontinent containing the DT including the Saurashtra Peninsula.
The assumed Deccan plume center (red dot) yields a U-Pb K-Pg age (Schoene et al., 2019). The distance of Barda-Alech is
580km to this center.
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plotted based on field observation (Basu, personal), geological map of De and Bhattacharyya (1971) and from Dave (1971).
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Figure 43: Geological map of the part of the Rajula complex showing felsic basaltic dikes with sample locations in this study.
The map is modified from Chatterjee and Bhattacharji (2004).
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Figure 45: Part of the Phenai Mata (PM) geological complex ~550km E of Alech and Barda hills, lying in the Narmada-Son
lineament (PM in Figure 41 and 4, 15 in Figure 36). Locations of samples analyzed are shown in the map. The map is modified
after Hari et al., 2011.

The weighted mean zircon ages of Alech and Barda granophyres are 65.751 and 65.724
Ma, respectively, identical within error of each other. Interestingly, this age falls in a small gap
between the Ambenali and Mahabaleshwar Formation ages, two of the most voluminous eruptions
of the DT (Figure 39). This age is also approximately 265 kyr younger than the K-Pg boundary
age. The U-Pb zircon ages of the three other complexes, Girnar and Rajula in Saurashtra, and
Phenaimata, farther east in the Narmada lineament, although less precise, indicate approximately
the same ages (Figures 40, 41). More interestingly, even if we do not take into account the less
precise ages of these three complexes, the precise age of the Alech and Barda granophyres located
approximately 580 km away from the main Deccan eruptive phases in the Western Ghats, the
supposed plume Center, is of considerable interest for their petrogenesis. This is because these are
fairly large shallow laccolithic acidic intrusives, synchronous with the main DT tholeiitic pulse

without any evidence of being fractional crystallization residues of mafic magmas. Taking into
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account the less precise zircon ages by LA-ICPMS (Figure 40) of three other acid complexes also
fall between the eruptions of the Ambenali and Mahabaleshwar Formations. It is very likely that
there was near-synchronous generation of these acidic magmas after a major tholeiitic pulse of the
DT’s Ambenali Formation over a large area of the DT (Figure 36).

Using PRIMELT3 software (Herzburg and Asimow, 2015), we estimated the olivine
liquidus temperatures for the basaltic rocks (Figure 46) associated with the acidic rocks of the
Alech, Barda, Girnar, Phenaimata and Rajula intrusive complexes, the primary focus of this study
in terms of geochronology and Nd-Sr isotopes. We also include Osham and Pavagadh intrusive
complexes in this estimate as their Ar-Ar ages and tectonic setting match the other five complexes
(Parisio et al., 2016). The average liquidus temperature, estimated at 0.2-0.3 GPa, for the basalts
is 1341°C, whereas the average crystallizing temperatures of the associated acidic rocks using
Rhyolite-MELTS calibration of quartz and feldspar saturation surface software (Ghiorso and
Gualda, 2011) for fluid-bearing silicic systems at 0.1-0.2 GPa pressures is 958°C. The three
temperatures shown in Figure 46, including the mantle potential temperature of the DT at 1550°C
(Herzberg and Gazel, 2009), the highest among global plume-related volcanisms, are all relatively
high. We note these temperatures are higher than that normally found for lavas associated with

plume-derived volcanic rocks.
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Figure 46: Olivine liquidus temperatures for basalts and Rhyolite-MELTS temperatures for acidic rocks.

The Nd-Sr isotopic correlations of the 25 whole rock samples of the five intrusive
complexes in Figure 47 and listed in Table 15 indicate large variations in the initial Nd and Sr
isotopic ratios, most of the samples falling outside the fields of the DT samplers of varying
lithologies, outlined in Figure 47. The locations of the 25 samples with their rock-types in the
various complexes are shown in the geological maps in Figures 41-44. The range of the Nd-Sr
isotopic ratios of the samples fall within <1 Ga, 1 Ga and >2.8 Ga model ages of the basement that
was intruded by the plume-derived DT lavas. The observed isotopic variations in the same complex
of different lithologies are of special interest for their petrogenesis. The Girnar complex displays

anomalous acid granophyre to undersaturated nepheline syenite in close proximity and their initial
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end values vary from -2.4 to -25.1. Similarly, undersaturated tinguaite occurring in association with
basalt and granophyre in the Phenaimata complex show initial eng isotopic ratios from -12.4 to -
35.7 (Table 15 and Figure 47). Also, notably, acid granophyre-rich Alech laccolithic complex and
its associated basalt show initial eng varying between -0.3 to -13.7. The samples plotting away

from the DT field in Figure 47 are of special interest.
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Figure 47: Initial Nd and Sr isotopic compositions of the whole rock lithologies of the five intrusive complexes in the DT
analyzed in this study.

Several acid-mafic rocks on the eastern edge of the Saurashtra Peninsula about ~100km
NE of Rajula (Figures 36 and 40) in Chogat-Chamardi area (Sheth et al. 2011) show some Nd-Sr
isotopic variations plotting outside the main DT fields in Figure 47, but with a distinctly narrower

range than shown by the five complexes of this study. It is usual practice among petrologists-
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geochemists to interpret the relationship seen in Figure 47 by an assimilation fractional
crystallization process including crustal material and mafic magma (e.g., Sheth et al., 2011).
However, the occurrence of undersaturated and silica -saturated acidic rocks, side by side, in the
same complex with wide isotopic variations indicate both these silicate melts (Table 15) have
preserved their non-identical source variability faithfully. It is clear, considering the synchronous
age relation, significant plume impact melting of superheated Saurashtra crust of heterogeneous
lithology is required to explain such variability. The isotopic data of this study, in conjunction with
the geochronological data, the relatively high olivine liquidus temperatures of the basalts and the
temperatures of crystallization of the acidic rocks (Figure 46), would all be consistent with such a
proposal of plume impact melting of local continental crust in Saurashtra. In other words, a large
part of the continental crust of Saurashtra melted synchronously with the advent of the DT mafic
melt. A similar anatectic reworking of the Saurashtra crust was suggested by Chatterjee and
Bhattarcharji (2004) for the Rajula Complex (marked as 16 in Figure 36).

A schematic diagram of the Deccan plume head impacting beneath the Indian Peninsula is
shown in Figure 48, modified from Richards et al. (2015), based on our isotopic and
geochronological data of the acidic intrusives of the Deccan, particularly in the western and
northern part of the DT province. An important departure from the Richards et al. (2015) model is
shown in the inset A in the NW corner of the Saurashtra Peninsula by near-contemporaneous, ~
265 kyr after the K-Pg boundary, melting of lower crust by melts from the DT plume head. Shown
in inset A are Barda (B), Alech (A), Girnar (G) and Rajula (R) complexes, ~ 580 km from probable
plume center near Pune (Figure 41). Interestingly, this distance is within the 600 km radius of the
“circular footprint area” around the Poladpur, Ambenali and Mahabaleshwar Formations

(Richards et al., 2015).
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The inset B in the lower right is a detailed version of A showing a geological section along
B-A-G-R profile in Saurashtra based on seismic-gravity modeling (Rao and Tewari, 2004). The
melted crust is inferred to be below 5 km depth in this model. We interpret the origin of B-A-G-
R, based on geochronological and isotopic data presented above by catastrophic crustal melting,
caused by the ingress of highly fluid melt fraction from the plume head that reaches continental
crustal depths, generating B-A-G-R parent magmas. The central part of the plume head is shown

in lighter shading suggesting its arrival at shallower depths.
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2.5. Conclusion

Five coeval intrusive complexes, 500 km apart, of distinctly different lithologies formed
over the Deccan plume head near the K-Pg age boundary. High precision CA-ID-TIMS in two of
the acid complexes suggest emplacement age ~ 265 kyr after the K-Pg age of 66.04 Ma. Nd, Sr,
and Hf isotopes in zircons indicate petrogenesis of these complexes by basement reworking
including crustal anatexis. These results indicate a sudden increase in the effective permeability
aided by the various lineaments, especially the E-W Narmada lineament (Figure 36) and the heat
conducted and advected by the plume-derived mafic magma. We have shown in this study that the
synchronous intrusive complexes over a wide region in the Deccan Province originated by plume-
induced catastrophic melting of continental crust shortly after (~265 kyr) the K-Pg age boundary
and between the DT extensive fluxes of the Ambenali and Mahabaleshwar Formations. Finally,
modeling of plume head shape, flow and melting, in general, particularly beneath the Indian

continent for the DT, would require further exploration.
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Table 1: U-Pb zircon data of 14 volcanic ash beds from Eagle Ford, South Texas and Del Rio, West Texas, determined from LA-ICP-MS

Isotope ratios

Apparent ages (Ma)

Best

Analysis U 206Pb/  U/Th  206Pb*/ + 207Pb*/ + 206Pb*/ + error  206Pb*/ + 207Pb*/ + 206Pb*/ + age +
(ppm)  204Pb 207Pb* (%)  235U%* (%) 238U (%)  corr. 238U%* (Ma) 235U (Ma)  207Pb* (Ma) (Ma) (Ma)
Spot 1 270 5978 3.1 20.2404 2.0 0.0796 4.5 0.0117 4.1 0.90 74.9 3.0 77.8 3.4 167.1 46.6 74.9 3.0
Spot 2 400 14740 2.9 20.3450 1.5 0.0857 3.4 0.0127 3.0 090 81.1 2.5 83.5 2.7 155.1 34.1 81.1 2.5
Spot 3 407 22676 2.7 20.1749 14 0.0931 2.7 0.0136 23 0385 87.3 2.0 90.4 23 174.7 333 87.3 2.0
Spot 4 617 26516 1.4 18.8802 1.8 0.1014 3.1 0.0139 25 080 88.9 22 98.0 2.9 3273 41.7 88.9 22
Spot 5 190 19112 2.7 19.8399 1.7 0.0970 35 0.0140 3.0 087 89.3 2.7 94.0 3.1 213.7 40.2 89.3 2.7
Spot 6 407 48673 2.4 19.1366 14 0.1023 42 0.0142 40 094 90.9 3.6 98.9 4.0 296.6 31.9 90.9 3.6
Spot 7 464 10086 2.5 19.6491 1.3 0.1002 2.7 0.0143 24 087 91.4 22 96.9 2.5 236.0 30.6 91.4 22
Spot 8 572 5560 22 19.3325 3.1 0.1021 4.4 0.0143 32 073 91.7 2.9 98.7 42 2733 70.0 91.7 2.9
Spot 9 404 5504 2.4 21.5117 1.7 0.0923 3.9 0.0144 3.5 090 92.2 32 89.6 33 229 41.4 92.2 32
Spot 10 544 8024 22 21.4957 13 0.0925 2.6 0.0144 22 086 92.4 2.0 89.9 22 24.7 324 92.4 2.0
Spot 11 586 16604 1.0 209131 1.3 0.0954 2.4 0.0145 20 0385 92.7 1.9 92.6 2.1 90.2 30.2 92.7 1.9
Spot 12 1264 32093 1.6 20.4133 1.0 0.0978 29 0.0145 27 094 92.8 2.5 94.8 2.6 147.2 23.0 92.8 2.5
Handy 13203
Spot 13 280 4730 2.5 19.8006 2.3 0.1010 3.4 0.0145 26 075 92.8 2.4 97.7 32 218.2 52.6 92.8 2.4
Spot 14 339 8928 3.9 20.8760 1.8 0.0965 33 0.0146 28 084 93.5 2.6 93.5 3.0 94.4 433 93.5 2.6
Spot 15 514 40970 2.5 21.1058 1.3 0.0968 3.0 0.0148 27 091 94.9 2.6 93.9 2.7 68.4 304 94.9 2.6
Spot 16 281 12523 1.9 20.5170 14 0.0997 2.5 0.0148 20 082 95.0 1.9 96.5 23 1353 33.0 95.0 1.9
Spot 17 351 12115 1.5 21.0517 1.5 0.0972 33 0.0148 3.0 0.89 95.0 2.8 94.2 3.0 74.5 36.2 95.0 2.8
Spot 18 193 12660 2.0 18.4009 1.6 0.1112 3.1 0.0149 27 0385 95.0 2.5 107.1 32 385.4 37.0 95.0 2.5
Spot 19 310 139277 3.0 20.6601 1.3 0.0992 3.4 0.0149 3.1 0.92 95.2 2.9 96.0 3.1 119.0 31.7 95.2 2.9
Spot 20 286 8177 2.9 20.9481 1.1 0.0987 3.4 0.0150 32 094 95.9 3.0 95.5 3.1 86.3 27.2 95.9 3.0
Spot 21 186 7270 2.3 20.3806 1.2 0.1020 32 0.0151 3.0 093 96.5 2.8 98.6 3.0 151.0 28.1 96.5 2.8
Spot 22 304 3658 1.7 20.1427 42 0.1033 5.0 0.0151 26 053 96.6 2.5 99.8 4.7 178.4 98.8 96.6 2.5
Spot 23 487 37162 1.9 20.0551 1.4 0.1047 2.8 0.0152 24 087 97.5 2.4 101.1 2.7 188.6 325 97.5 2.4
Spot 24 238 2934 2.4 203673 5.5 0.1032 6.2 0.0152 3.0 048 97.6 2.9 99.7 59 152.6 128.4 97.6 2.9
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Isotope ratios

Apparent ages (Ma)

Contd.

Analysis U 206Pb/  U/Th  206Pb*/ =+  207Pb*/  +  206Pb*  +  eror 206Pb¥ =  207Pb¥/  +  206Pb¥/ + Ba;t +
(ppm)  204Pb 207Pb* (%)  235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb*  (Ma)  (Ma)  (Ma)
Spot 1 391 8898 17 212938 19 00901 47 00139 43 092 89.1 38 87.6 39 473 443 89.1 38
Spot 2 313 17223 15 205501 1.3 0.0949 2.8 00142 25 089 90.6 22 92.1 2.5 1316 30.1 90.6 22
Spot 3 215 4267 1.6 210450 2.6 00951 40 00145 3.1 077 93.0 2.8 923 36 75.3 61.5 93.0 2.8
Spot 4 247 14668 15 202711 13 00993 27 00146 24 088 93.5 22 96.2 2.5 163.6 304 93.5 22
Spot 5 307 6460 15 212900 1.9 00947 33 00146 27 081 93.6 2.5 91.9 2.9 477 46.1 93.6 2.5
Spot 6 184 13634 19 206645 1.6 00976 32 00146 27 087 93.7 2.6 94.6 2.9 1185 375 937 2.6
Spot 7 300 33503 11 204179 1.6 00989 2.6 00147 21 079 93.8 2.0 95.8 24 146.7 379 938 2.0
Spot 8 219 31965 13 204212 1.6 00991 3.0 00147 25 084 93.9 24 95.9 2.8 146.4 383 93.9 24
Spot 9 258 37320 1.7 194705 1.3 01041 28 00147 25 089 942 24 100.6 2.7 257.0 29.7 942 24
Spot10 553 14988 1.0 206305 1.1  0.0983 26 00147 24 091 942 22 952 24 1224 25.6 942 22
Spot 11 343 5373 0.6 213456 28 00952 3.6 00147 22 0.3 943 2.1 923 32 415 66.7 943 2.1
Spot12 323 8241 14 209475 13 00970 2.6 00147 23 086 943 2.1 94.0 23 86.4 314 943 2.1
Long 7C Spot 13 173 2419 14 229414 72 00887 7.6 00148 26 034 94.5 24 86.3 6.3 NA NA 94.5 24
Spot14 395 10807 1.0 203510 22 0.1000 3.6 00148 28 0.8 94.5 2.6 96.8 33 1544 524 94.5 2.6
Spot 15 188 3441 24 219875 2.1 00925 29 00148 20  0.69 94.5 1.9 89.9 2.5 NA NA 94.5 1.9
Spot16 248 3381 12 219640 51 00929 56 00148 24 044 94.7 23 90.2 48 NA NA 94.7 23
Spot 17 144 7836 19 206295 17 00997 32 00149 27 085 95.5 2.6 96.5 2.9 122.5 39.6 95.5 2.6
Spot18 205 2232 13 233335 23 00881 34 00149 25 074 95.5 24 85.8 2.8 NA NA 95.5 24
Spot19 261 5799 1.6 19.8280 2.0 01038 32 00149 25 078 95.6 24 100.3 3.1 214.9 46.6 95.6 24
Spot 20 167 13460 20 204172 1.7 01014 27 00150 21 078 96.1 2.0 98.0 2.5 146.8 39.1 96.1 2.0
Spot 21 130 24979 15 197644 1.8  0.1049 30 00150 24 081 96.2 23 101.3 29 2224 40.8 96.2 23
Spot22 405 2572 09 144427 62 01436 68 00150 27  0.40 96.3 2.6 1362 8.7 9059 1283 963 2.6
Spot23 268 3861 1.9 205098 45 01016 53 00151 29 054 96.8 2.8 98.3 5.0 136.1 1058 968 2.8
Spot24 221 5121 1.0 211795 2.1 00985 33 00151 26 078 96.8 2.5 95.4 3.0 60.2 489 96.8 2.5
Spot25 251 6769 1.9 212187 1.6 00984 29 00152 24 083 97.0 23 95.3 2.7 557 386 97.0 23
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Isotope ratios

Apparent ages (Ma)

Contd.

Analysis U 206Pb/  U/Th  206Pb*/  +  207Pb*/  +  206Pb*  +  error 206Pb¥ =  207Pb¥/  +  206Pb¥/ + Ba;t +
(ppm)  204Pb 207Pb* (%) 235U% (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb*  (Ma)  (Ma)  (Ma)
Spot26 284 10511 15 20678 20 01018 33 00153 26 080 97.7 2.6 98.4 3.1 116.9 474 97.7 2.6
Spot27 260 4528 11 214205 39 00984 45 00153 22 049 97.8 2.1 95.3 4.1 33.1 933 97.8 2.1
Spot28 248 6695 1.6 209793 15 01010 34 00154 30 089 98.4 3.0 97.7 32 82.7 363 98.4 3.0
Spot29 422 56003 1.8 199503 14 01063 2.6 00154 22 085 98.4 22 102.6 2.6 200.8 32.1 98.4 22
Spot30 276 4793 14 189948 37 01119 51 00154 36  0.69 98.7 35 107.7 52 3136 83.7 98.7 35
Spot 31 193 33155 1.0 204227 1.6 0.1050 27 00156 22 081 99.5 22 1014 2.6 146.2 37.1 99.5 22
Spot32 306 927 09 103284 156 02101 163 00157 47 029 100.7 47 1937 287 15637 2944 1007 47
Spot33 235 1397 11 151396 61 01501 72 00165 37 0.2 105.4 39 142.0 9.5 808.0 1283 1054 3.9
Spot 34 107 465 1.0 60563 9.6 04236 118 00186 69 0.8 118.9 8.1 3586 358 25087 1622 1189 8.
Spot 1 228 6613 22 205527 15 00882 35 00132 32  0.90 842 2.7 85.8 2.9 131.3 3538 842 2.7
Spot 2 133 3195 21 234072 17 00845 32 00144 27 085 91.9 25 824 25 NA NA 91.9 25
Spot 3 168 8949 24 218913 14 00905 28 00144 24 086 92.0 22 87.9 24 NA NA 92.0 22
Spot 4 234 9628 20 20788 1.7 00956 41 00144 37 0091 923 34 92.7 36 1052 39.6 923 34
Spot 5 71 3347 3.0 220788 23 00902 42 00145 35 084 925 33 87.7 36 NA NA 92.5 33
Spot 6 76 10081 3.0 207899 1.7 0.0959 39 00145 35  0.90 925 32 92.9 34 1042 40.7 92.5 32
Spot 7 89 9238 3.1 213253 20 00936 39 00145 33 086 92.7 3.1 90.9 34 438 48.0 92.7 3.1
Friedrich's Spot 8 75 5153 26 224680 27 00889 38 00145 27 071 92.8 25 86.5 32 NA NA 928 25
Spot 9 63 4333 29 222537 1.9 00905 39 00146 34 087 93.5 32 88.0 33 NA NA 935 32
Spot 10 170 9275 3.1 207581 20 00971 38 00146 32 084 93.6 2.9 94.1 34 107.8 482 93.6 29
Spot 11 141 4446 21 225727 1.6 00895 31 00147 26 086 93.8 25 87.1 2.6 NA NA 938 25
Spot 12 87 71033 32 205911 1.8 0.0982 37 00147 32 086 93.9 2.9 95.1 33 126.9 434 93.9 29
Spot 13 140 26256 24 199964 14 01027 35 00149 32 092 95.4 3.1 99.3 33 1954 325 954 3.1
Spot 14 133 5524 23 221252 1.8 00930 37 00149 32 087 95.5 3.1 90.3 32 NA NA 95.5 3.1
Spot 15 178 37127 24 209782 12 0.0987 29 00150 2.6 090 96.1 25 95.5 2.6 82.8 29.0 96.1 25
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb¥  +  206Pb*/  +  eror 206Pb*/  +  207Pb*  +  206Pb*/ =+ Ba;‘ +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot 21 58 728 41 354241 30 00577 43 00148 30 071 94.8 2.9 56.9 24 NA NA 94.8 2.9
Spot 22 75 49139 32 205207 2.1 0.0997 3.8 00148 32 084 950 3.0 96.5 35 1349 485 95.0 3.0
Spot 23 98 7687 34 213595 17 00959 33 00149 29 087  95.1 27 93.0 2.9 400 397 95.1 27
Spot 24 75 1980 34 214145 34 00957 51 00149 38 074 951 36 92.8 45 338 81.9 95.1 36
Spot25 104 1590 33 132456 44  0.1547 56 00149 34 060 952 32 146.1 76 10818  89.2 952 32
Spot26 425 21829 1.1 212294 12 0.0965 25 00149 22 087 952 2.1 93.6 22 545 291 952 2.1
Spot27 118 69402 33  21.0269 12  0.0979 3.1 00149 29 092 955 27 94.8 2.8 773 296 955 27
Spot 28 90 58268 2.6 203054 1.8  0.1019 38 00150 33 088  96.1 32 98.6 36 1597 420 9.1 32
Spot 29 80 7242 30 208695 1.7 00998 34 00151 29 087 967 2.8 96.6 3.1 952 396 967 2.8
Spot 30 82 12472 33 208134 15 01003 28 00151 24 085 969 23 97.0 2.6 1016 356 969 23
Spot31 114 13417 3.1 196761 14  0.1063 3.1 00152 28 090  97.1 27 102.5 3.1 2328 322 97.1 27
Spot32 120 5959 32 215622 14 0.0971 32 00152 29 090 972 2.8 94.1 2.9 17.3 336 972 2.8
Spot 33 76 27152 24 20778 20  0.1013 38 00153 32 086 977 3.1 98.0 35 1055  46.1 97.7 3.1
Spot34 38 5356 41 223648 24 00942 33 00153 23 069 978 23 914 2.9 NA NA 97.8 23
Spot 35 64 3402 34 215645 2.1 00981 32 00153 24 075 982 23 95.0 2.9 170 50.1 982 23
Long 5L Spot 1 88 767 35 314140 33 00594 43 00135 28 064 868 24 58.6 2.5 NA NA 86.8 24
Spot 2 100 911 22 278684 27 00679 41 00137 31 075 87.9 27 66.7 2.6 NA NA 87.9 27
Spot 3 188 4296 33 211518 19 00923 27 00142 20 072 907 1.8 89.7 23 632 449 90.7 1.8
Spot 4 135 1992 22 231185 28 00847 39 00142 27 070 909 2.5 82.5 3.1 NA NA 90.9 2.5
Spot 5 239 5163 2.6 211189 2.1 0.0930 34 00142 27 079 912 24 90.3 3.0 669 499 912 24
Spot 6 86 1555 2.9 223616 57 00883 62 00143 26 041 91.7 23 85.9 5.1 NA NA 91.7 23
Spot7 418 8102 2.0  21.0124 15 00947 28 00144 24 085 925 22 91.9 2.5 790 351 92.5 22
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*/  +  206Pb*/  +  error 206Pb*/  +  207Pb* £  206Pb*/  + EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot 8 140 70622 2.7 20.0989 1.5 00993 26 00145 20 080 926 19 96.1 23 1835 360 926 1.9

Spot 9 9 1225 3.0 245490 32 00816 43 00145 29 067  93.0 2.6 79.6 33 NA NA 93.0 2.6
Spot10 93 1341 3.6 252205 34 00794 40 00145 22 054 930 2.0 77.6 3.0 NA NA 93.0 2.0
Spot 11 91 3589 35 215026 29 00933 38 00146 25 065  93.1 23 90.5 33 239 69.6 93.1 23
Spot 12 88 710 28 332674 290 00603 29.1 00146 24 008  93.1 22 59.4 16.8 NA NA 93.1 22
Spot13 153 3348 28 219732 29 00914 36 00146 2.1 058 932 2.0 88.8 3.1 NA NA 932 2.0
Spot14 114 1223 1.9 245625 24 00818 38 00146 29 077 933 27 79.9 2.9 NA NA 933 27
Spot15 159 2625 34 210869 2.6  0.0955 35 00146 23 067 935 22 92.6 3.1 70.6 61.6 935 22
Spot 16 89 18005 3.5 207389 22 0.0972 40 00146 34 083 93.6 3.1 942 36 1100 528 936 3.1
Spot17 155 3666 2.0 21.1535 33 00954 43 00146 28 065 937 2.6 92.5 38 63.0 78.7 937 2.6
Spot18 178 6382 29 215637 2.8 00936 40 00147 29 071 93.8 27 90.9 35 17.1 68.5 93.8 27
Spot19 104 26432 29  17.6709 37  0.1145 47 00147 29 062 939 27 110.1 49 4756 811 939 27
Spot20 159 2959 2.1 215091 5.6 0.0942 64 00147 32 049 940 2.9 914 5.6 232 1341 940 2.9
Spot21 120 4253 23 19.6853 29 01030 37 00147 23 0.3 94.1 2.1 99.5 35 2317 66.0 94.1 2.1
Spot 22 91 2288 26 215300 7.5 00944 7.8 00148 24 030 944 22 91.6 6.9 209 1792 944 22
Spot23 159 5786 2.0 213033 20 00958 32 00148 25 078 947 24 92.9 2.8 462 478 94.7 24
Spot24 221 47904 2.8 199885 1.6 01021 3.6 00148 32 089 947 3.0 98.7 33 1964 379 94.7 3.0
Spot 25 69 891250 2.8 204852 2.8 00997 41 00148 30 0.73 94.8 2.8 96.5 38 1390 668 94.8 2.8
Spot26 66 23683 32 211291 2.6 0.0967 39 00148 30 075 949 2.8 937 35 65.8 62.1 94.9 2.8
Spot27 152 1562 20 250682 42 00816 50 00148 27 054 949 2.5 79.6 38 NA NA 94.9 2.5
Spot28 145 1300 24 257787 23 00796 3.1 00149 21 068 952 2.0 777 23 NA NA 952 2.0
Spot29 119 3173 3.1 228015 1.8 0.0900 27 00149 20 074 953 19 87.5 22 NA NA 95.3 1.9
Spot30 144 7864 3.1 210780 22 0.0979 33 00150 25 075 958 24 94.8 3.0 71.6 517 95.8 24
Spot31 109 1746 2.0 137991 50 01501 62 00150 3.6 059  96.1 35 142.0 82 9991 1013  96.1 35
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*¥  +  206Pb*/  +  eror 206Pb¥ &  207Pb*/  +  206Pb¥  + EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)
Spot 32 91 987 27 247110 133 00843 136 00151 27 020 9638 2.6 822 10.7 NA NA 96.8 2.6
Spot33 146 2013 25 231336 35 00906 42 00152 22 053 973 2.1 88.0 35 NA NA 97.3 2.1
Spot34 150 12481 25 201768 19  0.1049 40 00154 35 087 982 34 101.3 38 1745 450 982 34
93.6

24-10 OSW Spot 1 327 2891 23 205949 0.7 00874 55 00131 54 099 836 45 85.1 45 1265 157 83.6 45
Spot 2 505 8641 1.6 204116 09 00900 44 00133 43 098 853 37 87.5 37 1474 216 85.3 37
Spot 3 423 5814 1.0 204304 12 00919 70 00136 69 099 872 6.0 89.3 6.0 1452 279 87.2 6.0
Spot4 262 6137 32 200383 12  0.0939 22 00136 18 083 874 1.6 91.1 1.9 1906 277 87.4 1.6
Spot 5 255 1615 14 210645 05 00894 27 00137 27 098 875 23 87.0 23 73.1 12.8 87.5 23
Spot6 627 5643 2.1 205817 0.8  0.0916 29 00137 28 096  87.6 24 89.0 24 1280 186 87.6 24
Spot 7 228 6676 29 201593 09  0.0949 3.6 00139 35 097 889 3.1 92.1 32 1765 215 88.9 31
Spot 8 154 3391 1.6 202579 13 00949 50 00139 48 096 893 43 92.1 44 1651 314 89.3 43
Spot 9 161 3539 1.6 201708 1.6 00960 37 00140 33 090  89.9 2.9 93.0 33 1752 379 89.9 2.9
Spot10 124 820 1.8 214622 15 00904 27 00141 22 083  90.1 2.0 87.9 23 284 36.0 90.1 2.0
Spot11 229 1537 39 206478 45 00941 46 00141 09 020 902 0.8 913 4.0 1204 1056  90.2 0.8
Spot 12 99 1221 1.8 208527 1.8 0093 23 00142 14 062 906 1.3 90.9 2.0 97.1 424 90.6 1.3
Spot13 222 2150 1.6 208259 09 00939 24 00142 22 093 908 2.0 91.1 2.1 1001 21.0 90.8 2.0
Spot14 172 2752 15 201332 1.8 00973 64 00142 62 096 909 5.6 942 5.8 1795 425 90.9 5.6
Spot15 285 2848 15 205207 1.1 0091 18 00143 13 076 915 12 93.1 1.6 1349 269 91.5 12
Spot16 376 4300 0.8 204711 1.0 00971 1.6 00144 13 078 923 12 94.1 1.5 1406 240 92.3 12
Spot17 256 2914 25 205731 1.1 0.0968 47 00144 45 097 924 42 93.8 42 1290 252 924 42
Spot18 248 14720 24 203172 1.1 0.0983 50 00145 49 097 927 45 952 4.6 1583 268 927 45
Spot19 186 1954 22 207103 1.7 00971 18 00146 06 034 933 0.6 94.1 1.6 1133 407 933 0.6
Spot20 184 2618 13 205217 15 00982 10.6 0.0146 105 099 935 9.8 95.1 9.6 1348 348 935 9.8
Spot21 541 23251 53 203009 13 00998 48 00147 46 096  94.1 43 96.6 44 1602 307 94.1 43
Spot22 122 3671 15 19.8249 1.3 01031 24 00148 20 083 949 1.8 99.7 22 2154 307 94.9 1.8
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*  +  206Pb*/  +  emor 206Pb*/  +  207Pb*  +  206Pb¥ =+ Ba;‘ +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) corr.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma) (Ma)  (Ma)
Spot 1 170 1349 1.9 207638 1.7 00832 38 00125 34 089 803 27 81.2 3.0 1072 409 80.3 27
Spot 2 206 1963 12 207108 06 0088 14 00129 13 091 82.6 1.0 83.6 1.1 1132 139 82.6 1.0
Spot 3 335 4813 14 205503 1.1 00870 54 00130 53 098 83.1 43 84.7 44 1315 247 83.1 43
Spot4 271 4818 14 199274 09 0095 17 00131 14 084 838 12 87.9 14 2034 215 83.8 12
Spot 5 388 1688 1.7 211093 1.1 0084 17 00131 13 077 838 1.1 832 14 68.1 259 83.8 1.1
Spot6 443 5944 1.1 20308 1.3 00889 26 00131 23 087 839 1.9 86.5 22 1593 304 839 1.9
Spot 7 179 1519 17 205709 2.0 0080 24 00131 12 051 84.1 1.0 85.7 1.9 1292 479 84.1 1.0
Spot 8 241 3467 1.0 203834 22 00900 25 00133 11 044 852 0.9 87.5 2.1 1507 518 852 0.9
Spot9 414 4433 1.1 20380 14 00905 22 00134 17 076 857 14 88.0 1.8 1500 329 85.7 14
Spot10 293 4883 1.6 202172 09 00918 23 00135 21 091 86.2 1.8 89.2 1.9 1698 220 862 1.8
HWY 90-72  Spot1l 317 2233 1.1 21096 13 0080 20 00136 15 075 87.2 1.3 86.6 1.6 70.1 310 872 1.3
Spot12 342 4668 1.0 20483 13 00917 33 00136 30 092 87.2 2.6 89.1 2.8 1388 304 872 2.6
Spot13 518 4352 07 206152 09  0.0913 34 00136 32 096 874 2.8 88.7 2.9 1241 215 87.4 2.8
Spot14 167 1135 24 197913 1.6 00962 19 00138 10 054 884 0.9 933 17 2193 376 884 0.9
Spot15 178 3808 1.6 202223 1.7 00945 19 00139 07 039 887 0.6 91.7 1.6 1692  40.1 88.7 0.6
Spot16 246 2330 20 207821 14  0.0928 1.6 00140 07 045 89.5 0.6 90.1 14 1051 341 89.5 0.6
Spot17 287 1219 1.8 210971 15 00915 23 00140 1.7  0.73 89.6 1.5 88.9 1.9 69.4 36.8 89.6 1.5
Spot18 180 3202 15 203666 14 00970 3.1 00143 28 089 917 2.5 94.0 2.8 1526 327 91.7 2.5
Spot19 143 2467 25 202814 2.6  0.0979 35 00144 24 067 = 922 22 94.8 32 1624 606 922 22
Spot20 277 3344 30 181879 1.6  0.1909 119 00252 118 099 1603 187 1774 194 4115 353 1603 187
Spot21 555 20612 29 124878 20 21069 42 01908 3.6 087 11258 377 11511 288 11989 400 11989  40.0
Handy 11H Spot 1 346 1694 15 203418 2.1 00884 29 00130 21 070 835 1.7 86.0 24 1554 483 83.5 1.7
Spot 2 279 948 1.1 213850 12 00845 21 00131 1.8 084 840 1.5 824 1.7 37.1 27.8 84.0 1.5
Spot 3 722 6146 14 200574 1.0 00902 45 00131 43 098 84.0 36 87.7 37 1883 230 840 36
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/ =+  207Pb*/  +  206Pb*/  +  emor 206Pb*/ =+  207Pb¥  +  206Pb¥  + EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) corr.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot4 364 2898 2.0 207968 12  0.0872 3.5 00132 33 094 842 2.8 84.9 2.9 1034 280 84.2 2.8
Spot 5 271 2129 15 205539 14 00887 2.1 00132 16 075 84.7 1.3 86.3 1.7 131.1 329 84.7 1.3
Spot6 302 3664 15 204299 1.1 00897 19 00133 15 081 85.1 1.3 87.2 1.6 1453 261 85.1 1.3
Spot 7 373 2579 12 205251 07 00894 42 00133 41 098 852 35 86.9 35 1344 175 85.2 35
Spot 8 338 1819 18 208364 1.0 00880 29 00133 27 094 852 23 85.7 24 98.9 232 85.2 23
Spot 9 526 2229 15 207624 0.7 00884 29 00133 28 097 852 24 86.0 24 1074 166 85.2 24
Spot10 331 2560 12 205178 1.1 00895 24 00133 21 088 85.3 1.8 87.1 2.0 1352 265 85.3 1.8
Spot11 272 2900 2.1 206453 15 00890 3.5 00133 32 091 85.4 27 86.6 2.9 1207 347 85.4 27
Spot12 1466 4849 14 207719 06 00889 1.5 00134 14 091 85.7 12 86.4 1.3 1062 149 85.7 12
Spot13 208 1061 15 209642 14 00881 2.1 00134 16 075 85.8 1.3 85.8 1.7 84.4 335 85.8 1.3
Spot14 396 2779 1.6 20238 09 00914 18 00134 16 088 85.9 14 88.8 1.6 1673 20.1 85.9 14
Spot15 233 1211 15 209271 12 0088 27 00135 24 088 86.1 2.0 86.2 22 88.7 293 86.1 2.0
Spot16 441 3209 15 206522 08 00899 39 00135 38 098 86.3 32 87.4 32 1199 193 86.3 32
Spot17 305 1951 12 205754 15 00907 20 00135 14 0.8 86.7 12 88.2 1.7 1287 342 86.7 12
Spot18 1072 7019 20 205722 1.0 00910 15 00136 1.1 073 87.0 0.9 88.5 12 1290 237 87.0 0.9
Spot19 555 5718 1.8 201329 1.0 00932 17 00136 13 080 872 12 90.5 1.5 1795 233 87.2 12
Spot20 464 10394 13 203703 13 00923 2.1 00136 1.6 079 873 14 89.6 1.8 1522 297 87.3 14
Spot21 346 2205 14 207690 08 00912 19 00137 18 092 88.0 1.6 88.6 1.6 1066 18.0 88.0 1.6
Spot22 815 8452 15 205208 12 00932 27 00139 24 089 888 2.1 90.5 23 1349 282 88.8 2.1
Spot23 287 2347 1.9 205820 1.5 00945 48 00141 45 095 903 4.1 91.7 42 1279 346 90.3 4.1
Spot24 1135 8531 13 204379 12 00957 18 00142 14 076 908 1.3 92.8 1.6 1444 283 90.8 1.3
Handy 9H Spot1 5427 845 25 123114 433 00940 435 00084 38 009 539 2.0 912 380 12269 8947 539 2.0
Spot 2 146 352 04 149408 62 00812 69 00088 29 042 56.4 1.6 79.2 52 8356 1297 564 1.6
Spot 3 100 318 1.1 205169 33 00756 44 00112 30 067 721 2.1 74.0 32 1354 779 72.1 2.1
Spot 4 176 637 14 213943 18 00784 25 00122 18 072 779 14 76.6 1.9 36.0 422 77.9 14
Spot 5 328 1167 2.1 208534 12 00823 32 00124 29 092 797 23 80.3 24 97.0 285 79.7 23
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*¥  +  206Pb*/ &+  eror 206Pb¥ &  207Pb*/  +  206Pb¥  + EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot 6 170 614 14 220168 13 00783 21 00125 1.6 079  80.1 1.3 76.5 1.5 -33.1 30.6 80.1 1.3
Spot7 2576 6720 29 205350 0.6  0.0842 1.8 00125 17 094 804 14 82.1 14 1333 152 80.4 14
Spot 8 104 380 13 239209 22 00727 52 00126 47 090 808 38 713 36 -2383 562 80.8 38
Spot9 3907 6097 3.0 201888 0.6 0082 13 00126 1.1 088  80.8 0.9 83.9 1.0 173.1 14.5 80.8 0.9
Spot10 172 571 1.0 227804 15 00769 27 00127 23 084 814 1.8 752 20 -1164 362 81.4 1.8
Spot11 184 766 1.0 220940 1.9 00796 2.1 00128 08 04l 81.7 0.7 77.8 1.5 415 457 81.7 0.7
Spot12 456 1917 0.6 180125 183 00980 185 0.0128 24 013 820 2.0 94.9 167 4331 4107 820 2.0
Spot13 248 1924 09 207002 1.6 00866 2.0 00130 13 062 833 1.0 84.4 1.6 1144 373 833 1.0
Spot14 250 1174 0.7 209280 1.1 00858 14 00130 09 063 834 0.8 83.5 12 88.6 26.7 83.4 0.8
Spot15 213 835 14 211152 20 00856 26 00131 17 064 840 14 834 2.1 674 476 84.0 14
Spot16 149 1006 1.0 209275 1.0 00867 25 00132 23 0091 843 19 84.4 2.0 88.6 245 84.3 19
Spot17 367 1366 12 212801 1.0 00858 28 00132 27 094 848 22 83.6 23 488 232 84.8 22
Spot18 206 1597 1.1 205993 1.8 00887 44 00133 40 0091 84.9 34 86.3 36 1259 426 84.9 34
Spot19 156 719 15 207096 1.9 00884 22 00133 1.0 046 850 0.8 86.0 1.8 1133 455 85.0 0.8
Spot20 2238 8382 3.0 203789 0.8  0.0902 15 00133 13 085 854 1.1 87.7 1.3 1512 19.0 85.4 1.1
Spot21 256 2412 08 198592 2.1  0.0930 3.1 00134 22 072 857 19 90.3 2.6 2114 496 85.7 1.9
Spot22 4373 14708 1.6 20.8061 12  0.0890 2.5 00134 22 088  86.0 19 86.6 2.1 1024 275 86.0 19
Spot23 129 1051 13 207748 17 00901 47 00136 43 093  87.0 37 87.6 39 1059 405 87.0 37
Spot24 816 7299 15 207969 05 00919 17 00139 17 095 887 1.5 89.2 1.5 1034 125 88.7 1.5
Spot25 475 614 04  17.0753 129 0.1172 164 00145 100 0.61 92.9 9.2 1126 174 5509 2836 929 9.2
HWY 55-6B Spot 1 78 215 34 202671 6.1 00801 115 00118 97 084 754 7.3 782 8.6 1640 1436 754 7.3
Spot 2 368 2662 25 204216 46 00893 53 00132 27 051 84.7 23 86.8 44 1463 1070 847 23
Spot 3 121 388 17 236683 1.9 00771 30 00132 23 077 847 19 754 22 2116 477 84.7 19
Spot4 231 1390 1.7 209039 13 00875 14 00133 04 031 84.9 0.4 852 12 913 31.8 84.9 0.4
Spot 5 481 2675 1.7 208021 08 00888 1.6 00134 14 086 858 12 86.4 1.3 1028 192 85.8 12
Spot6 330 1703 24 200787 1.6 00925 28 00135 23 083 862 2.0 89.8 24 1858 366 86.2 2.0
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb¥  +  206Pb*/  +  eror 206Pb*/  +  207Pb*  +  206Pb*/ =+ Ba;‘ +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot6 330 1703 24 200787 1.6  0.0925 2.8 00135 23 083 86.2 2.0 89.8 24 1858 366 862 2.0
Spot 7 719 3861 31 206362 07 00900 1.1 00135 08 075 86.2 0.7 87.5 0.9 1217 167 86.2 0.7
Spot 8 332 1744 24 207890 1.1 00895 1.6 00135 1.1 069 864 0.9 87.0 1.3 1043 271 86.4 0.9
Spot 9 365 1794 09 209263 1.0 00892 22 00135 20 090 867 1.7 86.7 1.8 887 227 86.7 1.7
Spot 10 455 1550 2.1 205693 1.9  0.0933 3.1 00139 24 079  89.1 22 90.6 27 1294 451 89.1 22
Spot11 222 950 32 214314 1.1 00896 1.9 00139 1.6 084 892 14 87.2 1.6 319 253 89.2 14
Spot12 317 1811 13 208676 1.0 00921 1.1 00139 04 039 892 0.4 89.4 1.0 954 248 89.2 0.4
Spot13 466 1270 48 208476 1.6  0.0927 24 00140 18 074 898 1.6 90.0 2.1 977 387 89.8 1.6
Spot14 196 2094 32 204898 1.0  0.0944 25 00140 23 092 89.8 2.1 91.6 22 1385 236 898 2.1
Spot15 400 1310 2.7 21.1997 08 00913 1.7 00140 15 087 899 1.3 88.7 1.5 578 200 899 1.3
Spot16 480 2184 1.9 207692 12 00934 3.1 00141 28 092  90.1 2.5 90.7 27 1065 284  90.1 2.5
LONG 3L Spot 1 236 1408 22 206177 19 00853 58 00128 55 095 81.7 44 832 4.6 1238 438 81.7 44
Spot 2 208 1312 23 205792 1.5 0087 57 00128 55 096 819 44 83.5 45 1283 351 81.9 44
Spot 3 214 796 24 216933 17 00816 32 00128 27 085 822 22 79.6 2.5 2.7 410 822 22
Spot 4 126 575 25 223965 1.8 00794 2.6 00129 19 072 82.6 1.6 775 2.0 747 449 82.6 1.6
Spot 5 262 3048 1.8 205036 1.6 00872 42 00130 39 093 83.0 32 84.9 34 1369 371 83.0 32
Spot 6 167 662 26 220448 22 00813 37 00130 29 079 833 24 794 2.8 361 546 833 24
Spot 7 239 825 22 207353 1.6 00868 42 00130 39 093 83.6 33 84.5 34 1104 377 83.6 33
Spot 8 557 2139 12 210854 13 00854 33 00131 30 092 83.7 2.5 832 2.6 707 29.9 83.7 2.5
Spot 9 236 816 22 213085 19 00847 3.1 00131 24 079 839 2.0 82.6 2.5 457 453 83.9 2.0
Spot10 310 1199 1.7 214985 1.6 00842 32 00131 27 086 840 23 82.1 2.5 244 393 84.0 23
Spot11 248 866 26 217679 13 00832 14 00131 05 037 841 0.4 81.2 1.1 5.6 32.1 84.1 0.4
Spot12 256 2053 1.8 207795 12 00873 46 00132 44 096 842 37 85.0 38 1054 290 842 37
Spot13 289 1503 1.0 208364 1.5 00871 38 00132 35 091 843 2.9 84.8 3.1 989 364 843 2.9
Spot14 297 1893 1.6 206560 22 00881 2.6 00132 15 055 84.5 12 85.7 22 1195 516 845 12
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*¥  +  206Pb*/ =  eror 206Pb*/  +  207Pb*  +  206Pb¥ =+ EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)
Spot15 358 2535 15 207756 1.5 0081 1.7 00133 08 046 850 0.7 85.7 14 1058 364 85.0 0.7
Spot16 325 575 15 17.0244 34 01075 35 00133 08 022 85.0 0.6 1037 35 5574 752 85.0 0.6
Spot17 361 1367 2.0 21.0951 12 0088 1.7 00133 1.1 066  85.1 0.9 84.5 1.3 69.6 295 85.1 0.9
Spot18 234 1191 15 213696 22 00858 25 00133 12 049  85.1 1.0 83.6 2.0 388 51.8 85.1 1.0
Spot19 253 1876 14 204285 13 00900 2.5 00133 21 084 854 1.8 87.5 2.1 1455 312 85.4 1.8
Spot20 333 1447 20 214636 1.0 0088 1.6 00134 12 076 856 1.0 83.6 1.3 283 247 85.6 1.0
Spot21 616 4676 14 204347 09 00903 12 00134 07 0.6l 85.7 0.6 87.8 1.0 1448 220 85.7 0.6
Spot22 255 1726 23 210680 1.9 00878 22 00134 1.1 048 85.9 0.9 85.5 1.8 727 459 85.9 0.9
Spot23 772 2027 1.0 193503 1.0 00959 41 00135 40 097 862 34 93.0 37 2712 239 86.2 34
Spot24 293 1701 17 211634 15 00887 18 00136 09 0.2 87.2 0.8 86.3 1.5 62.0 36.7 87.2 0.8
Spot25 835 8925 89 199557 1.1 01003 9.6 00145 95 099 929 8.8 97.0 8.8 200.1 248 92.9 8.8
Spot 1 337 1942 22 208399 1.0 00871 2.5 00132 23 092 843 1.9 84.8 2.0 98.5 235 84.3 1.9
Spot 2 166 1604 13 202066 22 00900 3.1 00132 23 072 84.4 1.9 87.5 2.6 1710 502 84.4 1.9
Spot 3 233 3427 30 202942 15 00918 33 00135 29 089 865 2.5 89.1 2.8 1609 344 86.5 2.5
Spot4 358 8122 32 205694 1.1 00912 35 00136 33 095 87.1 2.8 88.6 3.0 1294 267 87.1 2.8
Spot 5 546 6679 1.6 202849 08 00930 67 00137 67 099 876 5.8 90.3 5.8 1620 187 87.6 58
Spot6 236 1231 14 208244 31 00914 34 00138 12 035 88.4 1.0 88.8 2.9 1003 744 88.4 1.0
HWY 90 55
Spot 7 357 4230 2.6 206348 15  0.0934 36 00140 33 091 89.5 2.9 90.6 3.1 1219 355 89.5 2.9
Spot8 402 1069 13 165464 56 01187 58 00142 1.7 029 912 1.5 139 63 6192 1200 912 1.5
Spot 9 346 2862 3.0 204743 13 00962 27 00143 23 087 914 2.1 933 24 1403 305 914 2.1
Spot10 276 2669 3.6 207013 1.1  0.0952 33 00143 31 094 915 2.8 923 2.9 1143 259 91.5 2.8
Spot11 433 3636 22 205756 13 0.0970 51 00145 49 097 926 4.6 94.0 4.6 1287 305 926 4.6
Spot12 485 9511 24 135486 09 08177 79 00804 79 099 4982 379 6068 363 10362 180 4982 379
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Isotope ratios

Apparent ages (Ma)

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*¥  +  206Pb*/  +  eror 206Pb¥ &  207Pb*/  +  206Pb¥  + EZ? +
(ppm)  204Pb 207Pb* (%) 235U* (%) 238U (%) cor.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)

Spot 1 70 95 14 84855 313 02056 316 00127 44 014  81.0 36 1898 548 19238 5764  81.0 36
Spot 2 252 648 13 224901 18 00780 7.5 00127 73 097 815 59 76.3 5.5 849 435 81.5 59
Spot 3 87 416 12 235638 37 00775 45 00132 25 057 848 2.1 75.8 33 22005 929 84.8 2.1
Spot4 568 2953 1.0 206901 08 00883 69 00132 69 099 849 5.8 85.9 5.7 1156 186 84.9 58
Spot 5 230 702 14 207802 40 00882 52 00133 34 065 8.1 2.9 85.8 43 1053 938 85.1 2.9
Spot6 262 614 1.1 18.8683 205  0.0977 214 00134 62 029 856 52 94.7 194 3287 4702 856 52
Spot 7 362 1217 13 213258 11 00870 22 00135 19 085 862 1.6 84.7 1.8 437 273 86.2 1.6
Spot 8 225 1169 1.1 209847 1.7 0088 13.1 00135 129 099 863 1.1 86.2 10.8 82.1 41.0 86.3 1.1
Spot9 474 1982 1.1 207551 11 00909 24 00137 21 088 876 1.8 88.3 2.0 1082 26.1 87.6 1.8
Spot10 286 1742 1.7 208309 1.8 00907 29 00137 23 079 877 2.0 88.2 2.5 99.6 417 87.7 2.0
Spot1l 906 3651 14 205526 0.7 00927 47 00138 46 099 885 4.1 90.0 4.0 1313 1638 88.5 4.1
Spot12 250 1297 1.0 207346 1.5 00920 27 00138 23 083 886 2.0 89.4 23 1105 362 88.6 2.0
HWY 90-80  Spot13 188 630 1.0 205197 7.6 00932 77 00139 15 020 888 1.3 90.5 6.7 1350 1784 8838 1.3
Spot14 267 1177 13 21097 15 00908 22 00139 17 075 889 1.5 88.3 1.9 70.1 35.1 88.9 1.5
Spot15 198 1284 1.8 209458 2.0 00915 47 00139 43 090  89.0 38 88.9 4.0 86.5 483 89.0 38
Spot16 161 786 1.1 220194 1.0 00875 14 00140 10 074 894 0.9 852 12 333 233 89.4 0.9
Spot17 384 1046 1.6 212978 05 00912 27 00141 26 098 902 23 88.6 23 46.8 124 90.2 23
Spot18 487 1983 1.0 210836 09 00925 36 00141 35 097 906 32 89.8 3.1 70.9 20.6 90.6 32
Spot19 120 670 25 216390 14 00904 30 00142 26 088 908 23 87.9 2.5 8.8 34.6 90.8 23
Spot20 648 5226 1.7 204859 1.0 00961 2.6 00143 24 092 914 2.1 932 23 1389 230 914 2.1
Spot21 328 1258 12 213273 09 00926 30 00143 28 095 917 2.6 89.9 2.6 435 226 91.7 2.6
Spot22 374 1856 15 209261 05 00948 20 00144 20 096  92.0 1.8 91.9 1.8 88.8 12.7 92.0 1.8
Spot23 175 713 1.8 219688 1.8 00904 28 00144 22 077 922 2.0 87.9 24 278 434 922 2.0
Spot24 277 1545 17 208444 15 00970 4.6 00147 43 094 938 4.0 94.0 4.1 98.0 35.6 93.8 4.0
Spot25 461 2127 08  19.0655 125 01081 125 00149 09 007 956 0.9 1042 124 3051 2854 956 0.9
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Isotope ratios

Apparent ages (Ma)

Contd.

Analysis U 206Pb/ U/Th  206Pb*/  +  207Pb*/  +  206Pb¥ £  emor 206Pb*/  +  207Pb¥/ £  206Pb*¥/  + Ba;‘ +
(ppm)  204Pb 207Pb* (%)  235U* (%) 238U (%) corr.  238U*  (Ma) 235U  (Ma) 207Pb* (Ma)  (Ma)  (Ma)
Spot 1 229 2036 13 206430 2.0 0091 35 00135 29 082 86.4 2.5 87.6 3.0 1209 471 86.4 25
Spot 2 130 1742 24 203472 19 00915 23 00135 12 052 86.4 1.0 88.9 1.9 1549 452 86.4 1.0
Spot 3 256 2271 14 209319 06 00909 25 00138 25 098 88.4 22 88.4 22 88.1 13.1 88.4 22
Spot 4 178 2208 1.6 205395 1.1 00930 27 00139 24 091 88.7 2.1 90.3 23 1327 266 88.7 2.1
Spot 5 241 2208 12 206736 09 00932 24 00140 22 092 89.5 2.0 90.5 2.1 1175 222 89.5 2.0
Spot 6 400 5517 12 203695 12 00947 36 00140 34 094 89.6 3.0 91.9 3.1 1523 277 89.6 3.0
OHL2080 Spot 7 225 1916 1.6 209294 12 00932 24 00141 21 088 90.6 1.9 90.5 2.1 88.4 274 90.6 1.9
Spot 8 270 2034 1.1 207350 1.0 00942 17 00142 14 080 90.7 1.3 91.4 1.5 1105 243 90.7 1.3
Spot 9 552 4002 13 205549 12 00952 17 00142 12 071 90.8 1.1 923 1.5 1310 281 90.8 1.1
Spot 10 128 1582 1.6 205551 2.7 00957 3.1 00143 1.6 051 91.3 1.5 92.8 2.8 1310 63.0 91.3 1.5
Spot 11 66 561 20 217434 21 00933 32 00147 24 075 94.1 22 90.5 2.8 2.8 50.3 94.1 22
Spot12 308 2770 12 206454 0.7 0098 22 00148 21 095 94.8 2.0 95.8 2.1 1207 166 94.8 2.0
Spot 1 185 1175 12 200798 2.0 0080 34 00125 28 082 80.3 22 83.8 2.7 1857 455 80.3 22
Spot 2 74 556 12 209907 09 00830 24 00126 22 093 81.0 1.8 81.0 1.8 81.4 203 81.0 1.8
Spot 3 82 794 13 206544 27 00846 32 00127 1.6 052 812 1.3 824 25 1196 637 812 1.3
Spot 4 78 706 12 211580 1.1 00830 26 00127 23 090 81.6 1.9 81.0 2.0 62.5 26.7 81.6 1.9
Spot 5 177 911 12 209974 1.0 00859 18 00131 1.5 084 83.8 1.3 83.7 1.5 80.7 238 83.8 1.3
Spot 6 173 1425 20 206811 1.8 00877 36 00132 31 087 843 2.6 85.4 2.9 1166 422 84.3 2.6
13-5 OSE Spot 7 100 1246 22 205214 14 0084 21 00132 16 075 843 14 86.0 1.8 1348 333 84.3 14
Spot 8 927 8399 0.8 202101 12 00902 24 00132 21 088 84.7 1.8 87.7 2.1 1706 275 84.7 1.8
Spot 9 270 1813 12 208045 1.1 00881 14 00133 09 065 85.1 0.8 85.7 1.1 1025 252 85.1 0.8
Spot 10 661 3593 0.5 204534 11 00901 29 00134 27 093 85.6 23 87.6 24 1427 256 85.6 23
Spot 11 77 1206 14 204870 29  0.0903 40 00134 28 070 85.9 24 87.7 34 1388 669 85.9 24
Spot 12 271 1789 1.6 207829 12 00904 18 00136 13 072 872 1.1 87.9 1.5 1050 291 872 1.1
Spot13 212 2215 1.1 201187 1.8 00939 22 00137 13 058 87.7 1.1 91.1 1.9 1812 426 87.7 1.1
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Table 2: Lu-Hf isotope data of zircons from 10 volcanic ash beds of the Eagle Ford Shale, South Texas and Del Rio, West Texas, determined by LA-ICP-MS.

176
Sample (1761?1113)7 Volts HE  sHE™HE  +10y  TeLwmur  BCUHE p ey EHIO= b e Age Ma
O (o) (M) (10)

Spot 1 11.4 2.0 0282852  0.000023  0.000687  0.282851 2.4 0.8 4.0 75

Spot 2 20.1 2.9 0282872 0.000026  0.001637  0.282869 3.1 0.9 4.9 89

Spot 3 13.5 2.4 0282846  0.000020  0.000669  0.282845 2.1 0.7 4.1 91

Spot 4 19.7 2.6 0282875  0.000017  0.001047  0.282873 3.2 0.6 5.1 92

Handy Spot 5 25.5 23 0282976  0.000027  0.001964  0.282972 6.7 0.9 8.7 92
13203 Spot 6 16.9 1.8 0282864  0.000025  0.001344  0.282862 2.8 0.9 48 93
Spot 7 15.4 3.3 0282831  0.000020  0.000863  0.282830 1.6 0.7 3.7 95

Spot 8 14.5 3.2 0282797  0.000020  0.000823  0.282796 0.4 0.7 2.5 95

Spot 9 242 1.9 0282753 0.000023  0.001357  0.282751 1.1 0.8 0.9 95

Spot 10 16.0 2.6 0282918  0.000028  0.001302  0.282916 4.7 1.0 6.8 97

Spot 1 15.4 3.1 0282892  0.000025  0.001337  0.282890 3.8 0.9 5.7 91

Spot 2 31.5 23 0282883  0.000020  0.002397  0.282879 3.5 0.7 5.4 94

Spot 3 15.1 23 0282934  0.000028  0.000921  0.282932 53 1.0 7.3 94

Spot 4 282 2.8 0282954  0.000020  0.002184  0.282950 6.0 0.7 7.9 94

Spot 5 36.7 23 0282949  0.000023  0.002733  0.282944 5.8 0.8 7.7 94

Long7C  Spot6 324 1.9 0283057  0.000024  0.002340  0.283053 9.6 0.8 11.6 94
Spot 7 22.1 1.9 0282920  0.000039  0.001840  0.282916 4.8 1.4 6.7 95

Spot 8 422 1.8 0282846  0.000023  0.002290  0.282842 22 0.8 4.1 95

Spot 9 16.6 2.1 0282875  0.000028  0.001011  0.282873 3.2 1.0 52 96

Spot 10 21.1 22 0282891  0.000024  0.001363  0.282889 3.7 0.9 5.8 98

Spot 11 24.4 2.6 0282858  0.000024  0.001563  0.282855 2.6 0.8 4.7 99
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Contd.
(176Y'b +

Sample TLuy/  VolsHE HETHE <) Tenw7he  UBE g peo) EHEO L e Age (Ma)
SHE (%) (T) +(11)
Spot 1 12.6 2.0 0.282764  0.000025  0.000784  0.282763 0.8 0.9 0.8 74
Spot 2 13.7 2.6 0.282895  0.000021  0.000832  0.282893 3.9 0.7 5.8 87
Spot 3 11.2 22 0.282944  0.000025  0.000646  0.282943 5.6 0.9 7.6 91
Spot 4 24.5 2.3 0.282877  0.000020  0.002061  0.282874 3.3 0.7 52 92
NGIN Spot 5 15.0 2.3 0.282806  0.000018  0.000994  0.282804 0.7 0.7 2.7 92
Spot 6 16.3 22 0.282892  0.000027  0.000982  0.282890 3.8 0.9 5.8 92
Spot 7 18.6 2.0 0.282910  0.000020  0.001290  0.282908 4.4 0.7 6.4 93
Spot 8 29.7 2.0 0.282922  0.000026  0.001647  0.282919 4.9 0.9 6.8 94
Spot 9 15.6 2.3 0.282856  0.000019  0.000977  0.282855 25 0.7 4.6 95
Spot 10 12.9 2.6 0.282781  0.000027  0.000781  0.282780 0.1 0.9 1.9 95
Spot 1 28.3 2.1 0.282768  0.000032  0.001243  0.282765 0.6 1.1 1.4 92
Spot 2 18.8 2.3 0.282792  0.000027  0.001197  0.282789 0.2 0.9 22 93
Spot 3 15.7 2.5 0.282827  0.000017  0.001017  0.282826 1.5 0.6 3.5 94
FRIEDRICHS  Spot 4 13.1 2.4 0.282895  0.000026  0.000792  0.282893 3.9 0.9 5.9 93
Spot 5 16.7 2.1 0.282836  0.000028  0.001005  0.282835 1.8 1.0 3.6 84
Spot 6 15.1 2.6 0.282776  0.000027  0.000859  0.282775 0.3 1.0 1.7 92
Spot 7 13.1 22 0.282857  0.000023  0.000806  0.282856 2.6 0.8 4.6 93
3.3
HANDY_11H  Spot 1 15.0 25 0.282818  0.000044  0.000896  0.282817 12 1.6 3.0 84.7
Spot 2 18.2 2.6 0.282920  0.000044  0.001059  0.282918 4.8 1.6 6.6 85.8
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Contd.

176
Sample (1761?13)7 Volts HE  "HEHE (1) ToLw7he  BECHE g ey EHIOE p ey Age Ma)
SHE (%), (T) (10

Spot 3 17.8 2.6 0.282880  0.000042  0.001071  0.282878 3.3 15 5.2 84.0

Spot 4 20.4 2.6 0.282828  0.000035  0.001242  0.282826 1.5 1.2 3.4 88.0

Spot 5 38.2 23 0.282878  0.000046  0.002196  0.282875 3.3 1.6 5.1 85.3

Spot 6 21.1 2.7 0.282859  0.000039  0.001276  0.282857 2.6 1.4 45 86.7

Spot 1 55.7 2.6 0.282620  0.000040  0.003229  0.282615 -5.8 1.4 -4.4 72.1

Spot 2 30.7 2.6 0.282731  0.000040  0.001587  0.282729 -1.9 1.4 0.2 77.9

Spot 3 16.4 2.0 0.282721  0.000049  0.001118  0.282719 2.3 1.7 -0.5 81.4

HANDY_9  spot 4 53.9 2.1 0.282762  0.000066  0.003055  0.282758 0.8 2.3 0.9 85.7
Spot 5 523 2.8 0.282805  0.000035  0.003006  0.282800 0.7 1.2 25 87.0

Spot 6 52.9 2.6 0.282847  0.000045  0.004392  0.282840 22 1.6 3.8 84.3

Spot 7 50.7 1.8 0.282794  0.000036  0.002867  0.282789 0.3 13 2.0 83.3

Spot 1 29.0 1.8 0.282754  0.000049  0.001779  0.282752 -1.1 1.7 0.7 84.9

HWY 55. Spot 2 14.7 2.6 0.282827  0.000045  0.000817  0.282826 1.5 1.6 3.4 89.2
6B Spot 3 22.7 23 0.282816  0.000038  0.001935  0.282813 1.1 13 2.9 84.7
Spot 4 245 1.9 0.282799  0.000046  0.001524  0.282796 0.5 1.6 2.4 89.2

Spot 5 8.9 3.0 0.282738  0.000040  0.000570  0.282737 -1.7 1.4 0.2 86.2

OH_90-80  spot 1 11.8 2.6 0.282719  0.000035  0.000723  0.282718 2.3 1.2 0.4 89.6
Spot 2 28.2 23 0.282702  0.000040  0.001811  0.282699 2.9 1.4 -0.9 94.8

Spot 3 11.0 25 0.282654  0.000030  0.000684  0.282653 -4.6 1.1 2.7 91.3

Contd.
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(176Y'b +

Sample ML/ VoltsHE TSHEHE 41y ULwhf L HE gy FHIOE ppry Age Ma)
) (1) (a0

Spot 4 209 27 0282751  0.000034 0001211 0282749  -12 12 0.7 88.4

Spot 5 15.8 25 0282710  0.000036 0.000964 0282708 2.7 13 0.7 90.7

Spot 6 13.9 26 0282750 0.000032 0000861 0282748  -12 11 0.7 88.7

Spot 1 14.3 23 0282686 0.000038 0000901 0282685  -3.5 13 1.6 85.6

Spot 2 272 22 0282771 0.000041 0002021 0282768  -0.5 1.5 1.4 88.8

HWY 90-  Spot 3 229 26 0282718 0000038 0001420 0282716  -2.4 13 0.4 91.7
80 Spot 4 12,6 23 0282678  0.000039 0000799 0282676 -3 1.4 1.8 922
Spot 5 273 23 0282730 0.000038 0.002031 0282727  -19 13 0.0 90.6

Spot 6 123 24 0282781  0.000045 0000741 0282779  -02 1.6 1.7 86.3

Spot 1 9.2 24 0282809 0000037 0.000593 0282808 038 13 28 88.4

Spot 2 16.8 25 0282722 0.000030 0001001 0282721 22 11 0.4 82.6

HWY 90-  Spot3 16.8 25 0282721 0.000030 0001064 0282719  -2.3 11 0.4 85.7
72 Spot 4 11.9 27 0282787 0000022 0000761 0282786 0.1 0.8 2.0 88.7
Spot 5 218 26 0282658 0000031 0001291 0282656  -45 11 2.6 87.2

Spot 6 17.4 26 0282882 0.000023 0.001131 0282880 3.4 0.8 5.4 89.6

130



Table 3: High Precision #’Sr/®Sr ratios from 300 ft of the Eagle Ford Shale.

Depth Sr 2sigma Depth Sr 2sigma
13100.65 0.707483 0.000012 13235.5 0.707475 0.000013
13120 0.707443 0.000005 13247.5 0.707432 0.000023
13132 0.707431 0.000011 13255.5 0.707449 0.000007
13142.5 0.707419 0.000006 13263 0.707446 0.000008
13170.5 0.707473 0.000006 13269.5 0.707405 0.000010
13179.75 0.707446 0.000005 13272.5 0.707458 0.000011
13187.1 0.707463 0.000008 13282 0.707533 0.000011
13196 0.707452 0.000012 13303 0.707535 0.000012
13205.25 0.707445 0.000008 13330.17 0.707566 0.000008
13210.25 0.707433 0.000012 13349.17 0.707530 0.000011
13217.2 0.707466 0.000011 13350.1 0.707560 0.000009
13220.75 0.707476 0.000007 13360.17 0.707543 0.000015
13222.5 0.707449 0.000008 13373 0.707543 0.000015
13230 0.707477 0.000011 13389.9 0.707566 0.000008
Standards
SRM 987 0.710264 0.000008
SRM 987 0.710293  0.000006
SRM 987 0.710310 0.000009
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Table 4: Some Rare Earth elements of EF volcanic ash beds, calc-alkaline (andesitic) arc examples of the Aleutian, Andes and Cascades along with mafic volcanism from the

Ontong Java Plateau plume.

La Ce Nd Sm Eu Tb Yb Lu
2N 15.316 13.051 8.753 7.027 5.5062 2.4931 2.857 4.0816
7L 121.519 96.248 63.457 46.689 11.5453 16.6205 8.634 11.4286
11H 119.409 106.036 48.140 29.189 11.0124 11.0803 6.398 8.1633
1F 35.992 32.626 17.505 12.905 3.7300 8.3102 6.025 5.3061
3L 72.574 60.359 28.446 23.378 9.9467 13.8504 10.373 11.4286
15R 16.118 17.945 10.941 10.405 7.2824 2.4931 3.540 2.8571
14R 12.489 9.788 10.941 10.946 9.2362 8.3102 5.155 4.8980
Aleutian 67.595 60.799 44.201 26.689 19.8934 11.9114 8.199 7.7551
Andean 79.283 67.259 45.077 29.527 22.0249 16.6205 11.366 11.4286
Cascades 47.637 39.511 30.066 21.351 18.1172 13.5734 11.677 11.0204
Ontong 19.367 18.499 20.525 19.189 18.2948 16.8975 10.559 10.2041
11.646 13.116 15.536 15.811 17.0515 16.0665 13.851 14.6939
Average Average
whole Ash Beds whole Ash Beds
rock rock
Cr 94.31993 32.71 Pb 4.3945636 27
Zn 103.4434 84 Th 6.4151438 24.29
v 249.7987 142.14 U 4.7362329 5.14
Co 7.505938 11.74 Se 7.3456199 6.59
Ni 48.95989 55.86 Zr 80.612914 152.57
Cu 27.54599 29 Y 15.418267 10.857
Mo 18.41792 27.43 Hf 2.3445788 6.0715
Ta 0.691606 0.943
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Table 5: Nutrient rich elements from throughout seven EF cores. The volcanic ash beds and whole rock EF samples have similar concentrations of nutrient elements.

Yj” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
25.14 32.69 43.64 3.87 11.27 9.36 0.82 3.90 3.26 3.05 2.04 33.41 11.20 1.53 0.25
17.81 37.07 43.50 3.38 10.55 9.01 1.40 3.24 3.00 1.96 2.43 39.41 8.75 1.76 0.29

Well3  58.02 88.09 165.44 3.90 30.09 14.03 5.69 275 2.00 2.43 3.23 33.72 10.38 1.60 021
37.44 117.50 207.41 3.42 31.53 16.45 8.47 3.72 5.42 4.08 2.68 49.47 10.40 2.03 031
54.95 63.21 151.79 3.85 28.12 17.12 4.10 222 3.17 2.73 3.91 43.86 9.55 1.77 0.26
53.89 58.37 147.54 3.70 26.19 16.02 3.50 1.78 271 2.66 3.59 44.07 9.29 1.78 0.23
50.26 66.63 153.51 3.66 25.54 18.49 3.91 221 2.45 226 3.64 38.78 8.45 1.73 0.22
41.66 59.18 114.98 4.04 21.89 14.68 2.59 2.13 2.70 1.85 437 45.40 9.18 1.83 0.24
42.42 61.05 123.68 4.08 23.99 16.10 3.24 2.05 267 1.85 4.19 43.37 8.93 1.80 0.25
46.31 78.88 148.55 4.44 28.38 15.43 4.26 1.73 3.54 2.45 4.43 47.31 10.70 1.83 0.32
44.97 77.53 140.87 4.47 25.42 17.45 4.16 250 3.50 256 4.42 52.48 10.55 2.03 0.32
42.74 77.43 116.09 4.68 20.88 18.78 3.51 8.70 3.02 2.48 3.73 50.42 9.85 2.04 0.29
44.23 65.36 349.99 4.70 34.03 19.69 24.01 2.14 2.75 439 3.46 41.46 8.00 1.66 0.28
56.04 87.22 382.86 5.48 38.24 15.97 28.85 2.02 3.30 475 4.13 48.87 9.72 1.83 0.31
17.55 35.21 150.27 2.52 18.07 14.57 11.43 281 1.24 232 1.45 21.08 5.14 1.10 0.12
53.42 98.56 432.61 6.47 49.07 19.05 37.84 7.63 3.34 5.68 3.88 54.69 10.89 1.95 0.38
39.13 73.06 252.00 478 31.98 18.09 20.11 456 2.82 3.34 3.12 44.65 8.21 1.71 0.30
52.04 134.77 513.72 7.46 58.52 18.14 45.86 1.81 4.03 729 428 59.54 11.43 2.08 0.49
33.11 77.82 327.04 5.06 43.17 16.19 32.53 1.78 237 485 2.80 39.74 8.46 1.53 0.26
39.69 92.63 357.48 5.35 47.96 18.36 35.86 1.58 2.57 5.20 3.01 4226 8.94 1.57 031
52.35 73.53 189.91 4.74 3531 16.18 25.36 1.09 3.10 3.77 3.43 45.02 10.00 1.69 0.34
47.43 96.40 353.94 6.53 48.09 20.82 38.45 1.35 3.75 5.87 3.98 54.96 11.30 1.93 0.40
53.70 62.83 155.53 4.45 34.04 18.76 21.47 1.72 3.87 4.88 3.70 55.26 13.72 2.04 0.38
49.48 72.10 159.37 451 32.31 19.09 22.77 1.47 422 521 3.85 56.01 14.49 1.99 0.40
59.68 89.56 216.21 5.25 36.28 16.31 30.88 1.36 3.76 5.26 4.05 56.97 13.22 1.98 0.40
38.54 57.86 163.72 3.93 24.63 18.68 18.57 3.78 422 453 3.08 47.72 11.88 1.84 0.33
46.06 72.30 214.08 4.70 28.77 18.53 23.60 3.68 4.46 5.16 3.89 54.26 13.45 1.93 037
53.54 78.63 231.17 5.06 32.45 18.99 28.27 2.13 5.11 5.30 4.05 57.48 13.04 2.06 0.45
50.57 81.21 222.88 5.13 35.13 16.65 25.90 2.00 475 5.11 3.79 56.49 13.28 1.97 0.38
50.96 102.55 379.42 6.69 47.29 20.40 37.91 1.95 4.09 6.53 437 54.78 12.14 1.99 0.43
48.49 99.35 369.21 6.79 46.52 20.11 38.02 1.63 4.14 6.48 4.49 54.32 11.81 2.01 0.44
66.88 88.81 173.43 5.39 34.09 19.09 27.25 3.39 5.75 5.54 4.88 62.36 15.09 226 0.52
64.28 90.83 216.61 491 36.65 19.99 30.06 3.01 9.69 5.75 4.00 64.09 12.43 261 0.65
67.51 92.36 210.44 4.85 37.40 19.38 29.85 227 8.89 5.71 436 68.92 12.74 2.67 0.62
80.07 93.99 217.52 5.62 44.57 21.90 34.85 1.90 4.98 434 4.61 62.13 12.55 2.13 0.56
77.72 98.91 225.71 5.17 38.72 19.01 34.07 1.85 5.72 476 442 62.84 12.98 225 0.60
56.47 118.33 425.23 5.64 48.25 20.14 35.25 2.13 3.49 4.86 3.71 47.42 10.22 1.76 0.38
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Contd.

Yj” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
77.51 93.66 218.94 5.34 42.46 19.43 25.38 203 4.14 3.90 4.66 52.69 11.79 1.97 0.45
80.83 91.57 173.53 5.57 36.25 20.03 21.29 2.26 4.62 3.91 470 56.54 12.83 2.10 0.50
83.20 99.96 196.08 5.98 31.41 15.39 18.72 1.59 5.53 437 5.63 74.62 16.29 251 0.55
117.15 138.29 47428 6.41 37.67 17.91 24.87 2.09 7.39 11.83 6.61 98.18 24.29 333 0.72
118.91 148.73 403.19 5.87 30.37 13.36 19.56 2.49 6.67 10.25 6.36 90.43 21.91 2.98 0.67

Well 11.55 21.30 40.44 1.60 8.15 8.86 1.61 0.77 10.65 3.08

12 2.97 0.54 0.94 0.26 0.07
16.47 37.49 84.69 1.96 10.45 11.39 2.92 5.12 0.82 1.07 0.92 13.37 3.37 0.34 0.10
93.77 211.54 170.58 4.82 39.90 20.23 3.10 2.93 3.14 2.75 5.03 50.20 11.02 1.43 035
93.14 52.02 200.99 4.62 34.67 20.47 2.77 3.35 3.35 236 5.20 54.97 10.84 1.59 0.39
88.45 71.21 190.44 4.86 34.52 21.29 3.20 3.48 3.65 2.94 5.14 56.08 10.99 1.68 0.39
91.94 48.66 138.82 5.66 35.14 28.04 2.14 3.90 3.94 226 6.15 67.13 12.82 2.00 0.53
68.43 93.91 396.71 6.89 39.37 24.15 21.50 4.67 5.67 4.18 6.91 68.10 11.93 2.02 0.62
69.03 76.13 345.41 7.05 40.68 23.36 21.03 3.70 5.99 428 6.68 73.53 13.14 2.07 0.69
79.88 270.34 310.54 6.60 42.06 21.17 16.34 3.27 5.30 3.93 6.56 72.54 12.19 1.98 0.60
79.88 114.60 476.58 8.14 45.52 25.59 22.28 3.82 7.04 451 7.94 88.03 13.22 234 0.87
82.58 104.79 431.89 8.16 43.41 22.65 24.19 4.64 751 4.63 8.20 97.91 13.95 2.50 0.93
79.62 109.36 463.33 8.49 49.09 22.67 28.95 2.77 6.57 6.04 7.77 85.84 13.80 227 0.76
71.31 97.42 488.89 7.30 57.00 28.95 33.26 73.44 5.32 7.64 5.70 77.38 12.71 2.06 0.58
75.43 128.31 486.40 8.61 64.33 27.84 44.80 2.56 5.09 8.01 5.81 69.42 13.34 1.89 0.60
64.02 92.69 358.13 6.57 50.96 21.15 30.24 277 437 5.39 4.57 63.59 10.94 1.63 0.48
45.94 67.87 212.99 457 42.45 22.04 18.44 3.06 2.69 3.72 2.81 4125 8.40 1.06 0.30
72.00 159.70 495.71 9.80 84.97 30.53 47.52 2.80 456 8.74 4.74 70.23 12.71 1.84 0.56
67.46 107.75 405.71 7.91 68.93 27.96 37.49 1.80 427 7.08 4.81 59.96 11.23 1.57 0.49
83.95 80.84 111.10 5.68 4951 26.73 20.18 2.29 4.64 4.06 4.82 57.59 13.71 1.57 0.48
83.84 83.75 116.48 5.55 50.08 25.81 20.81 277 4.72 4.08 4.86 56.53 13.69 1.55 0.50
91.55 84.45 105.20 5.38 39.86 17.43 15.66 234 5.20 5.02 5.45 68.31 15.04 1.88 0.53
91.03 88.53 100.59 5.49 41.45 18.74 15.94 2.94 5.07 4.99 5.41 65.78 15.09 1.79 0.50
104.78 87.76 110.58 5.16 37.27 14.68 14.67 230 5.22 4.00 5.79 61.07 15.12 1.70 0.55
101.50 88.13 102.78 5.37 44.17 16.15 14.98 1.93 532 4.10 5.61 61.54 15.04 1.73 0.54
98.91 97.73 120.93 5.42 34.07 13.59 10.83 1.77 7.27 4.01 6.00 73.24 15.85 2.11 0.68
101.90 90.94 106.65 5.61 41.76 16.61 15.22 2.06 5.79 458 5.76 63.77 16.46 1.85 0.54
102.85 89.05 109.96 5.57 39.69 15.15 12.78 1.93 6.29 4.17 591 69.08 15.95 1.96 0.63
126.30 123.28 177.20 6.67 40.74 16.12 12.26 2.26 7.30 4.61 7.27 79.75 16.75 235 0.73
129.75 188.51 497.37 6.46 50.90 17.42 22.21 1.74 6.13 11.00 6.76 82.97 22.77 229 0.56
140.54 147.81 457.23 8.16 61.34 22.85 19.32 3.41 9.23 14.70 9.44 102.25 24.61 3.18 0.72
14.97 15.78 28.12 2.49 9.50 11.37 1.02 6.16 1.91 0.98 1.91 20.76 6.24 0.58 0.16
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Contd.

\Xz” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Well
16 54.28 71.68 125.16 4.83 24.14 14.88 1.89 3.00 191 3.76 40.05 9.44 184 0.40
86.72 65.47 141.26 4.87 28.98 15.66 1.55 3.45 3.34 2.00 5.08 55.09 11.51 2.08 0.47
78.66 66.45 135.12 4.93 26.43 14.46 1.60 3.77 3.20 2.07 4.84 53.58 11.08 217 0.44
77.00 70.07 141.76 5.33 26.24 14.57 235 3.42 3.53 2.48 5.29 60.09 12.60 2.12 0.47
84.31 70.95 132.71 4.57 24.61 12.67 1.37 3.52 3.44 221 5.15 53.37 12.33 2.08 0.40
76.32 99.26 339.97 6.68 36.90 13.86 15.79 2.57 5.57 3.48 6.62 75.87 12.77 2.59 0.70
70.88 86.85 327.49 6.39 35.43 13.86 14.79 3.22 5.30 3.52 6.46 73.09 12.43 236 0.66
68.99 108.39 327.89 6.51 37.21 13.87 14.05 270 5.19 3.29 6.48 71.31 11.87 2.45 0.66
71.18 93.12 407.48 7.7 40.83 22.01 25.48 3.97 6.05 439 7.18 72.89 13.04 251 0.66
70.36 87.50 355.56 7.79 42.60 23.02 21.06 3.71 6.18 4.15 7.31 74.70 12.76 242 0.69
71.16 92.52 418.64 8.77 44.70 23.39 29.10 3.54 6.30 5.35 7.99 78.03 13.02 2.63 0.72
73.69 91.81 390.47 7.47 37.38 18.33 21.27 3.75 5.00 428 6.49 67.82 11.63 2.34 0.58
55.46 85.46 365.82 7.22 38.25 20.88 22.32 3.52 3.72 428 5.36 54.01 10.13 1.94 0.42
63.41 115.07 456.77 7.78 48.47 23.83 28.07 3.58 4.43 5.39 5.90 59.71 11.26 2.11 0.48
71.70 92.50 446.91 8.12 54.16 22.75 27.95 2.84 5.42 5.60 6.57 72.31 15.49 242 0.58
66.32 94.02 450.03 7.66 40.74 14.78 25.00 3.90 5.49 5.50 6.25 7275 13.82 2.48 0.61
66.37 97.01 356.36 6.92 38.20 15.76 20.17 3.67 5.14 4.54 6.35 69.76 12.47 241 0.58
68.04 111.98 422.47 7.39 54.38 23.39 33.64 2.89 443 6.54 5.47 60.87 12.10 2.09 0.51
75.43 136.33 452.45 7.66 63.23 25.84 44.87 2.03 4.15 7.52 5.20 58.93 12.06 2.09 0.50
64.98 116.92 380.81 6.73 60.66 29.33 37.71 1.92 3.82 6.09 476 54.54 11.47 2.00 0.44
65.67 110.24 337.35 6.48 51.78 26.94 32.99 3.14 4.15 5.20 4.62 58.65 11.79 2.09 0.46
58.68 83.67 265.21 541 45.15 23.65 27.01 1.87 3.79 5.00 4.02 52.67 11.08 1.90 0.41
53.71 115.89 421.66 7.22 57.39 26.64 36.43 2.40 4.11 7.03 4.42 63.44 11.48 2.09 0.48
62.68 136.13 492.69 8.24 56.99 17.60 43.95 232 441 8.30 4.84 64.33 12.31 2.19 0.51
62.46 153.29 553.46 9.19 76.56 25.87 53.44 2.54 4.18 9.84 4.95 57.34 11.87 2.09 0.52
64.57 131.09 508.19 7.88 56.94 20.04 43.91 258 451 8.06 5.16 66.99 11.86 233 0.54
60.30 138.90 507.68 8.22 62.05 22.65 46.64 247 4.49 8.53 5.11 70.87 13.84 233 0.61
77.12 121.95 415.83 8.24 48.70 17.81 37.91 274 5.58 733 5.88 75.14 13.40 2.53 0.73
78.47 97.49 151.62 6.08 39.07 16.52 21.09 2.64 6.97 5.36 5.37 91.70 15.56 3.11 0.70
70.54 93.51 195.99 5.72 42.88 15.35 21.79 1.49 4.44 533 4.87 59.01 13.12 2.09 0.46
68.79 81.39 169.53 5.35 40.44 17.04 17.87 2.12 429 5.00 4.84 59.99 13.10 2.13 0.42
79.60 91.62 143.77 5.78 37.59 16.36 15.77 2.44 6.43 5.47 5.76 76.72 16.69 2.57 0.63
75.15 87.95 158.46 5.20 37.99 16.76 19.83 235 4.85 4.74 5.03 61.38 14.40 2.19 0.52
99.82 97.82 159.87 5.32 40.74 19.62 20.54 2.58 5.72 4.69 5.67 67.26 15.55 230 0.59
81.93 78.18 123.75 4.98 38.64 19.14 15.11 2.59 521 4.16 4.76 59.84 14.95 2.16 0.52
99.56 93.84 139.55 5.53 41.12 17.74 17.01 232 5.75 455 5.69 65.33 15.94 233 0.60
109.05 105.82 209.87 6.29 45.10 20.88 22.97 3.06 5.75 488 6.34 72.52 15.68 2.49 0.65
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Contd.

VXZH Cr Zn A% Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
125.65 127.60 23291 6.86 43.36 15.99 16.38 2.49 6.90 5.84 6.83 89.97 20.65 3.02 0.73
155.28 160.89 358.78 7.13 43.90 14.78 16.58 2.14 6.73 8.68 7.16 91.98 23.69 3.05 0.68
145.51 151.33 310.39 6.69 40.78 15.63 17.14 2.45 6.66 7.54 6.54 83.68 21.30 2.83 0.70
94.75 113.22 284.83 5.84 41.96 12.97 20.00 1.82 5.77 7.40 6.04 70.44 16.51 2.50 0.59
107.02 148.66 482.03 7.12 49.58 20.08 23.68 2.48 7.78 7.74 8.49 82.80 17.95 2.71 0.67
129.32 140.24 690.49 6.95 56.36 19.15 29.23 2.33 6.87 11.11 7.77 76.38 18.63 2.67 0.61
114.25 138.18 569.06 6.33 47.41 18.30 26.39 2.46 6.95 8.98 8.07 81.13 18.24 2.90 0.60
97.15 113.63 507.99 8.14 49.31 20.19 26.58 2.74 7.81 6.37 8.80 84.53 16.89 2.94 0.72
97.93 129.55 453.96 7.95 51.55 22.00 27.33 2.94 7.49 7.48 8.65 84.02 18.34 2.88 0.72
14.92 20.69 30.46 2.81 7.60 8.58 0.87 6.60 2.10 0.96 2.20 24.56 7.39 1.26 0.17
17.39 27.44 35.96 3.63 9.61 8.17 0.43 4.56 2.66 0.83 3.12 28.15 9.54 1.43 0.22
18.51 27.60 41.54 4.22 11.73 8.65 0.80 6.25 3.40 1.12 3.06 32.65 9.68 1.63 0.27
24.06 31.15 55.54 5.28 16.10 10.60 1.67 5.22 3.78 1.41 4.01 35.87 11.21 1.59 0.30
18.78 28.21 40.58 433 11.13 10.05 0.52 5.75 3.45 0.99 3.56 42.18 10.65 1.80 0.26
22.07 31.61 47.27 9.43 15.07 9.51 0.70 5.47 3.95 1.16 3.95 42.54 11.80 1.75 0.31

Well 74.62 97.49 359.23 7.77 49.67 7.44 77.81

17 33.98 20.96 10.14 6.34 4.01 13.24 2.01 0.72
62.70 87.11 288.50 6.49 43.66 28.57 17.60 9.43 6.22 3.46 6.29 69.55 12.05 1.94 0.63
68.22 88.50 352.37 7.61 50.55 33.72 21.93 10.46 6.18 3.88 6.95 73.05 12.40 1.99 0.71
87.89 107.81 303.37 7.63 51.48 34.29 22.57 6.82 6.62 3.73 7.68 79.94 14.04 2.16 0.80
75.46 98.18 256.77 6.84 48.81 35.00 22.01 5.56 543 4.92 6.50 68.89 15.81 1.76 0.59
80.82 134.05 377.75 7.87 63.23 36.70 29.89 4.55 5.29 5.75 6.53 67.50 13.72 1.79 0.55
92.21 104.98 243.04 6.87 55.47 34.48 22.61 443 5.85 5.39 6.66 76.14 14.73 1.94 0.61
81.59 91.34 200.92 5.79 51.66 35.06 25.52 3.74 433 5.52 5.43 60.25 13.50 1.52 0.45
79.91 92.41 224.74 5.81 53.89 36.11 25.69 7.75 4.14 4.81 5.23 59.71 13.79 1.45 0.46
75.40 110.23 178.14 5.10 50.83 34.54 27.10 6.92 391 4.24 4.33 56.27 11.88 1.43 0.41
79.79 102.23 271.23 6.48 61.58 37.25 31.22 6.12 4.27 524 5.04 57.72 13.11 1.44 0.48
77.75 152.92 537.62 9.56 93.93 47.74 53.69 5.57 4.66 8.77 5.69 64.30 13.36 1.69 0.56
80.88 100.45 256.77 6.86 61.39 42.86 26.64 4.66 4.87 5.07 5.75 63.64 13.85 1.65 0.54
88.90 126.68 173.25 6.81 58.65 38.53 22.37 4.81 5.46 522 6.19 72.09 15.52 1.92 0.60
87.67 100.91 207.68 6.92 60.81 39.99 22.65 4.52 5.35 5.20 6.09 70.02 15.19 1.84 0.56
94.53 106.70 154.74 7.76 59.61 41.13 16.54 5.84 7.58 5.27 7.49 79.57 20.34 2.35 0.77
107.21 132.03 189.16 7.60 58.05 33.60 19.26 5.29 7.00 5.11 7.03 79.07 17.49 2.20 0.70
121.31 131.53 218.71 7.30 43.01 24.90 13.84 3.70 6.64 5.46 7.23 81.97 19.58 2.29 0.68
90.74 124.77 304.52 6.83 70.63 41.03 22.37 7.18 5.14 6.90 5.64 67.75 16.31 1.85 0.53
109.43 125.77 438.39 8.89 72.89 42.70 28.69 9.74 7.18 9.51 8.69 81.11 19.37 2.32 0.70
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Contd.

Yj” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
“1/;” 55.96 56.89 213.67 4.09 40.58 21.44 4.68 6.40 2.59 2.64 3.80 37.13 8.64 1.06 0.33
75.32 74.81 257.48 497 47.19 26.14 4.71 9.41 321 3.10 4.85 48.78 10.35 1.22 0.42
73.81 56.82 146.62 10.18 40.00 22.36 2.77 6.85 7.27 2.65 7.97 114.95 16.81 3.03 0.87
49.22 84.97 298.17 7.04 54.60 30.59 15.08 4.60 5.59 453 6.74 69.59 12.67 2.04 0.55
82.49 92.98 216.79 8.32 4991 28.75 10.05 5.89 7.55 3.56 8.99 97.75 16.95 271 0.83
82.69 88.83 224.06 8.28 46.81 27.97 10.25 4.93 7.25 3.51 8.78 97.01 17.05 2.72 0.83
97.70 87.99 237.45 8.39 4931 28.43 8.91 5.02 7.64 3.56 9.09 102.11 17.38 2.83 0.85
97.40 218.99 249.80 7.70 44.95 27.29 13.40 7.51 7.12 3.38 8.60 85.56 16.25 2.34 0.78
93.56 72.62 243.67 8.33 51.56 27.66 13.43 6.05 7.09 3.30 8.54 93.77 15.92 2.60 0.79
90.56 61.93 243.78 8.26 49.54 29.36 11.96 7.30 7.07 3.31 8.47 85.98 15.49 2.40 0.79
97.73 68.35 266.41 7.93 47.92 28.08 13.96 7.32 7.62 3.32 9.13 90.72 16.63 2.54 0.85
101.03 177.40 263.50 8.20 50.45 29.81 15.41 6.59 7.38 3.50 9.09 89.43 16.38 2.49 0.82
100.37 60.74 253.02 8.14 49.59 25.76 16.27 7.26 7.80 3.29 9.03 84.18 15.15 242 0.87
105.17 52.37 204.75 8.88 48.45 24.66 14.71 7.32 8.00 3.03 9.53 92.07 14.95 2.63 0.95
93.36 60.95 253.74 8.81 50.77 30.28 17.34 7.92 7.93 3.33 8.92 85.61 15.62 2.50 0.85
95.81 63.93 253.85 8.21 49.25 25.74 16.69 9.66 7.83 3.33 9.21 86.14 15.78 251 0.88
98.27 69.24 248.66 8.31 48.97 28.46 16.26 8.26 8.22 3.23 9.62 88.78 15.74 2.53 0.90
99.17 59.44 254.26 8.03 48.21 28.35 16.08 9.76 8.02 3.19 9.34 90.50 15.42 2.55 0.90
102.92 161.35 243.47 9.13 50.85 32.67 17.33 7.58 8.48 3.23 9.65 94.42 15.77 2.72 0.98
89.59 68.91 243.47 7.56 47.77 27.19 13.46 5.53 7.15 3.23 8.42 83.90 14.95 242 0.80
102.93 58.78 237.34 8.35 44.98 28.39 13.63 5.56 8.41 3.09 9.94 93.48 16.15 2.72 0.98
108.30 196.45 242.74 8.58 48.92 29.26 15.33 6.31 8.66 3.27 10.00 96.71 16.34 2.81 1.00
104.47 54.36 235.89 8.12 46.12 27.64 15.14 6.07 8.52 3.19 9.61 102.42 16.22 2.76 0.97
103.55 79.30 242.84 8.99 49.58 30.11 17.13 6.77 8.89 3.28 10.04 102.30 16.61 2.78 1.00
85.89 56.09 258.10 9.56 51.58 26.76 17.81 8.29 7.72 3.54 9.31 87.08 14.27 2.38 0.89
112.08 77.51 235.06 10.06 51.36 31.39 15.75 8.71 10.54 3.54 11.78 111.88 18.45 3.17 1.12
102.41 70.95 283.02 9.78 50.37 37.46 19.99 10.36 10.84 429 10.92 104.38 17.01 3.14 1.10
123.55 79.14 230.70 9.44 43.13 25.96 14.51 6.88 10.13 3.81 11.57 111.67 18.66 3.16 1.13
118.25 74.73 321.12 9.62 52.94 31.63 21.59 7.23 9.85 430 11.62 105.25 18.51 3.01 1.05
107.46 93.97 228.93 9.50 51.93 28.85 18.11 6.21 9.06 3.41 10.82 101.93 16.96 2.84 1.03
121.71 193.36 255.72 10.31 56.81 2991 17.74 4.40 10.17 3.97 11.53 112.09 18.27 3.18 1.16
129.82 66.37 235.16 10.08 57.06 30.77 15.56 431 9.98 425 11.58 112.83 20.82 3.05 1.10
133.71 85.63 229.04 10.64 59.28 31.78 14.35 5.45 10.23 442 11.90 120.87 2091 3.24 1.17
137.61 71.78 233.40 11.73 63.54 33.39 16.11 427 9.97 427 11.95 115.48 20.38 3.12 1.12
154.05 74.74 205.68 10.90 64.48 35.91 14.59 5.32 10.80 5.41 12.37 120.76 21.83 3.41 1.15
144.53 71.87 244.09 9.93 63.92 34.87 15.81 3.77 9.50 5.73 10.76 107.26 21.69 3.09 1.00
147.56 87.59 238.69 9.49 70.88 36.81 20.91 3.34 7.99 7.92 9.78 100.80 24.48 2.75 0.83
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Contd.

Yj” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
119.22 185.28 207.65 10.00 60.91 35.91 17.62 8.74 8.02 6.05 9.61 94.55 19.00 2.70 0.83
127.01 76.93 201.22 8.66 61.29 32.46 18.08 432 7.96 6.60 9.28 95.27 20.33 2.65 0.82
118.90 85.27 145.99 7.87 61.50 35.02 16.69 422 6.96 5.79 8.29 79.69 19.07 221 0.71
134.04 310.92 193.95 8.46 70.12 38.61 21.80 3.43 6.22 5.47 8.13 76.81 18.99 2.11 0.67
114.46 91.95 186.68 7.77 65.83 36.79 22.78 2.73 6.69 5.10 8.00 79.66 17.35 226 0.72
122.25 109.99 161.04 7.26 64.85 35.01 17.30 2.88 6.28 458 7.50 83.59 18.98 2.04 0.69
132.09 131.03 312.91 8.41 72.68 36.11 28.32 3.57 6.38 5.63 7.60 81.96 16.96 221 0.73
127.12 108.30 17433 7.32 61.75 32.21 19.58 2.94 6.97 4.48 7.39 89.25 17.08 2.50 0.74
119.98 106.30 172.67 6.61 55.32 24.28 16.61 3.15 6.75 430 7.08 83.43 16.25 2.23 0.71
113.81 128.24 235.68 7.77 60.69 32.68 17.82 3.16 6.81 4.79 7.57 85.43 16.72 233 0.74
121.49 127.25 330.67 8.29 73.10 36.77 24.93 3.14 6.55 6.12 7.49 81.46 17.35 222 0.70
120.09 121.96 164.37 9.58 65.16 33.11 10.30 491 771 5.13 8.87 96.06 20.56 271 0.83
116.63 114.08 152.64 9.07 58.17 28.41 9.73 3.64 8.63 5.30 9.11 94 44 20.41 2.81 0.88
129.71 115.98 158.97 9.70 64.54 32.43 11.02 4.44 8.69 5.26 9.03 91.64 21.19 2.62 0.86
147.56 160.75 282.91 10.50 72.01 25.44 18.76 4.73 7.62 6.87 8.59 100.04 24.54 2.82 0.77
153.29 201.53 461.77 10.29 99.53 46.47 27.40 2.53 6.99 9.38 8.65 101.04 25.26 2.58 0.69
114.46 99.82 212.53 8.18 59.61 21.79 17.19 2.54 7.23 473 8.38 90.07 17.84 2.58 0.79
117.06 104.61 226.13 8.45 67.17 36.51 16.38 3.77 7.41 5.19 8.35 86.68 17.93 243 0.76
133.82 133.23 401.88 9.79 82.17 36.37 25.36 3.22 8.86 8.17 9.23 99.92 19.13 3.05 0.79
131.12 134.62 285.72 9.78 68.43 30.46 18.51 3.85 8.43 7.74 9.02 94.68 18.90 2.80 0.80
123.22 125.95 225.20 9.60 66.22 29.82 15.05 431 8.83 6.50 8.72 94.09 20.01 2.74 0.84
147.99 122.76 239.83 9.82 74.38 34.15 14.92 3.39 8.89 5.79 8.70 89.95 20.26 2.67 0.84
140.31 133.53 267.86 9.44 63.91 31.39 16.59 5.88 8.14 6.14 9.10 97.70 20.08 2.75 0.79
132.20 126.05 234.54 9.31 68.22 35.00 18.64 4.04 7.89 6.34 8.66 89.40 18.90 2.49 0.79
108.41 103.61 227.17 8.06 55.16 27.22 17.32 8.42 6.62 5.33 7.81 77.83 16.03 2.11 0.63

Well 63.87 55.56 124.23 9.26 32.79 4.01 5.98 2220 7.39 101.35 2.64 0.76

20 22.93 239 15.21
76.48 56.75 179.98 8.50 44.86 27.72 7.89 2.17 6.06 3.79 7.50 99.14 15.85 2.55 0.75
62.43 71.68 219.17 7.90 48.84 27.94 11.43 247 5.78 3.92 7.01 85.66 14.50 224 0.65
59.34 75.84 287.57 7.06 53.62 32.49 14.71 2.20 5.55 427 6.64 76.68 13.51 2.03 0.57
59.94 152.34 308.78 7.20 55.97 30.44 15.45 2.23 5.54 4.54 7.20 75.97 13.40 2.00 0.57
76.23 94.27 284.29 7.23 55.33 29.86 10.51 2.58 5.94 3.81 7.50 84.52 14.68 2.19 0.66
124.22 112.77 270.54 8.71 42.57 23.60 6.95 3.45 6.66 3.67 8.42 103.76 17.89 2.66 0.84
90.72 114.32 214.12 8.62 50.06 30.97 11.08 2.95 7.81 4.03 9.78 113.40 18.71 291 0.97
92.54 55.24 213.13 8.07 47.73 27.77 13.54 3.37 7.12 3.10 8.94 96.23 15.99 245 0.86
89.27 70.69 198.38 8.22 45.42 29.98 11.70 3.73 7.11 3.13 9.10 103.46 16.09 2.57 0.90
96.51 75.16 221.99 7.67 48.18 27.97 12.11 3.25 6.96 3.01 8.92 93.15 15.51 236 0.84
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Contd.

Yj” Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
98.30 67.79 219.44 8.06 45.64 31.07 12.85 3.80 7.66 3.17 9.44 99.34 16.67 2.57 0.88
104.14 61.29 215.34 7.98 44.94 31.00 12.14 4.09 7.60 2.99 9.86 101.75 16.51 257 0.92
116.02 60.71 22532 8.04 46.82 29.92 13.10 3.40 7.36 3.06 9.11 99.24 16.34 248 0.87
103.76 77.28 228.98 8.25 47.44 29.34 16.17 4.01 7.44 2.97 9.45 94.61 16.16 2.34 0.87
93.62 61.71 205.37 7.44 43.28 26.46 13.10 5.23 6.85 2.68 8.46 89.66 14.48 224 0.80
109.70 52.26 226.32 8.37 4522 29.20 14.57 5.05 8.05 2.87 10.08 101.65 15.78 2.56 1.00
113.66 59.29 206.92 7.98 42.28 29.54 11.94 4.14 8.08 2.84 10.49 103.56 16.52 261 1.02
106.40 66.29 193.73 8.46 47.86 28.71 12.63 4.09 8.01 2.90 10.12 103.26 16.45 2.58 0.98
116.21 56.89 214.34 7.90 4427 29.49 13.67 423 8.40 2.99 10.57 106.27 17.02 2.69 1.05
112.34 79.71 219.67 8.01 47.69 27.88 14.00 2.75 7.69 3.05 9.93 100.64 16.59 2.55 0.95
108.29 60.16 204.37 7.96 44.83 23.23 13.49 2.34 7.53 2.88 9.89 101.45 16.14 251 0.92
104.33 76.97 213.90 8.15 44.86 35.75 13.18 4.04 7.74 2.97 10.21 105.06 16.70 2.62 0.89
22.15 86.43 48.68 4.16 8.51 37.60 6.37 30.75 19.73 6.66 6.28 22242 27.25 6.50 1.51
94.14 41.96 377.44 4.65 29.27 5.33 24.72 3.30 7.69 4.03 9.56 113.97 19.27 2.59 1.01
109.94 163.07 345.61 9.76 59.21 35.45 21.60 4.43 8.39 4.89 11.25 103.34 16.22 271 1.05
119.19 75.38 212.63 9.80 44.52 29.97 11.85 4.56 10.01 3.12 12.81 128.97 19.82 337 1.29
112.17 84.25 194.38 9.06 39.43 23.98 10.86 5.35 10.17 3.44 11.99 134.49 17.98 3.38 1.26
115.53 93.28 204.73 10.87 44.78 28.20 14.80 6.30 11.42 3.95 14.06 132.40 22.12 3.51 1.23
157.50 72.99 297.43 10.60 46.70 35.04 14.26 5.81 11.64 3.81 14.09 137.61 20.09 3.73 131
145.51 65.67 245.23 12.22 55.69 36.71 15.29 5.00 10.29 3.20 12.72 138.97 18.39 3.42 1.39
114.61 81.80 176.90 10.65 51.57 27.15 14.63 5.71 9.79 3.59 12.56 123.65 20.41 3.19 121
188.90 86.46 310.56 12.46 55.29 4231 21.93 6.05 13.13 4.13 15.87 149.39 19.61 3.81 1.38
133.31 65.49 266.71 10.90 53.96 44.20 29.40 6.27 10.93 3.88 13.40 124.70 14.57 3.30 1.32
86.40 34.24 297.65 8.38 54.97 31.48 22.61 5.37 6.87 442 10.45 84.46 14.42 2.13 0.82
161.16 154.10 249.91 12.11 54.23 34.30 14.10 6.44 12.78 487 14.76 152.93 23.87 3.79 1.53
172.54 77.89 259.70 12.28 71.16 41.38 22.52 4.18 11.42 3.17 13.49 144.70 14.26 3.53 1.44
129.65 61.15 417.28 11.34 65.49 38.90 30.98 4.29 10.51 6.04 13.39 133.24 14.23 3.42 1.46
190.32 59.00 302.10 13.11 71.58 4891 35.81 3.14 9.85 5.14 13.86 118.65 14.19 3.04 1.09
173.35 97.76 178.46 9.89 61.06 41.01 491 3.00 10.62 424 12.81 140.32 18.47 3.60 1.29
128.54 57.76 278.84 9.73 58.26 30.56 15.81 2.96 8.12 459 12.29 118.55 14.19 2.96 121
145.71 1344.70 235.00 5.52 25.84 9.30 85.99 0.85 6.79 4.79 10.61 95.53 12.82 2.34 0.73
206.78 126.16 202.06 9.22 72.78 41.36 18.24 1.37 8.19 7.63 11.69 128.76 35.91 2.80 0.86
132.30 79.37 363.64 7.90 103.62 23236 30.02 23.96 8.28 9.22 8.04 95.05 15.14 236 0.75
181.18 94.92 296.42 12.95 57.53 42.59 22.87 7.28 13.00 3.66 15.06 149.07 17.26 3.70 1.34
154.58 124.08 181.42 8.53 62.50 3508 19.20 1.61 6.85 459 9.22 94.11 19.43 237 0.79
124.78 87.21 205.28 10.82 55.41 66.91 19.92 3.73 9.05 444 11.62 115.74 17.06 2.94 1.07
144.29 128.54 130.50 8.97 69.76 40.15 12.03 1.47 6.32 6.13 8.61 94.26 21.99 2220 0.67
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Contd.

\1/311 Cr Zn \Y Co Ni Cu Mo Pb Th U Sc Zr Y Hf Ta
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
144.29 128.54 130.50 8.97 69.76 40.15 12.03 1.47 6.32 6.13 8.61 94.26 21.99 2.20 0.67
14233 115.96 180.98 8.94 56.34 29.05 15.77 1.87 7.72 4.64 10.06 101.85 19.99 2.54 0.88
138.60 141.00 138.18 9.04 71.62 36.89 16.03 1.94 8.25 10.32 9.02 103.13 19.53 2.76 0.80
115.22 153.27 135.95 8.40 64.35 44.42 14.47 1.71 9.21 9.90 10.83 103.34 24.07 2.84 0.89
123.35 108.84 108.35 8.52 70.24 40.52 13.52 1.15 5.55 4.74 7.75 77.38 20.44 1.79 0.59
130.97 129.27 129.94 8.28 68.58 4227 20.18 1.29 5.89 426 8.10 87.01 16.68 2.13 0.61
299.67 192.66 452.56 13.88 101.69 73.15 58.69 3.22 11.18 5.39 9.75 144.07 15.48 437 1.05
230.16 168.75 392.02 11.40 84.97 62.81 45.81 3.05 9.11 5.62 11.29 123.76 18.14 3.41 0.93
138.09 120.84 121.15 7.72 68.34 44.85 22.62 1.20 6.08 4.08 7.82 92.21 18.90 2.18 0.69
148.35 126.43 216.08 9.20 80.70 46.32 27.62 1.28 6.01 6.88 9.47 88.45 23.09 2.11 0.67
217.25 176.54 225.65 8.77 82.52 58.24 3527 3.97 7.65 4.80 10.28 101.11 15.98 2.50 0.97
114.41 120.93 131.17 7.87 58.83 39.04 8.18 2.44 7.93 4.00 8.22 109.59 16.78 2.92 0.81
147.51 142.41 259.46 8.04 61.51 36.54 19.80 1.31 7.35 5.01 8.45 97.94 19.29 246 0.79
121.42 130.37 135.28 7.63 55.25 37.82 9.43 2.65 6.11 4.02 7.78 93.99 15.43 2.12 0.72
116.65 156.48 184.03 10.61 66.04 4151 8.57 231 7.21 5.07 38.82 101.44 17.25 2.54 0.77
97.61 106.74 162.22 8.62 59.55 29.88 3.44 2.89 5.66 3.18 7.74 84.01 16.04 2.05 0.67
124.47 133.67 158.32 11.88 68.44 3521 2.83 3.13 791 3.79 10.47 106.15 21.42 2.57 0.91
216.64 233.15 359.97 10.40 90.40 5524 37.70 3.01 9.44 8.80 9.71 130.74 22.18 3.14 0.99
103.43 105.45 116.37 10.81 67.23 33.23 3.47 243 771 491 9.38 92.71 19.02 235 0.80
122.54 154.83 133.50 12.71 69.72 33.00 455 2.65 10.06 4.12 10.86 117.72 16.72 3.16 1.11
147.34 137.88 130.28 11.29 79.05 37.25 7.97 1.69 7.56 5.90 9.27 99.53 24.20 242 0.80
156.48 144.02 157.99 10.75 69.11 38.24 5.30 223 771 5.06 10.35 94.99 20.98 2.48 0.86
132.19 189.27 134.17 9.37 61.88 36.40 6.37 2.52 5.68 4.05 8.90 85.26 24.39 222 0.67
102.83 123.41 194.27 13.69 51.53 34.48 521 9.78 25.22 405 10.42 136.47 10.09 4.16 1.38
134.73 322.01 238.11 10.39 61.69 48.67 13.99 3.12 7.08 8.97 9.99 110.94 36.24 2.79 0.68
127.32 197.42 1017.70 435 113.07 56.08 41.28 0.49 2.66 11.19 5.46 54.33 12.95 1.17 0.24
30.98 63.31 172.34 7.85 37.62 21.36 7.20 1.00 2.89 5.75 5.32 49.46 11.13 1.20 0.28
209.53 147.59 669.11 11.76 81.87 37.62 18.03 2.29 6.33 15.33 8.86 108.44 19.76 2.94 0.62

Well

24 72.48 46.69 136.03 9.80 40.25 38.32 2.93 6.99 472 242 10.18 69.25 13.93 2.01 0.75
75.92 64.98 180.44 9.28 4124 28.79 2.19 8.47 9.32 2.52 11.11 120.40 19.54 3.36 1.32
76.90 74.15 179.50 10.05 43.62 27.72 3.35 8.99 9.14 2.53 10.97 122.26 19.64 3.40 1.29
134.73 110.62 205.87 11.55 66.19 35.42 8.58 5.11 10.14 5.41 11.58 110.76 22.00 3.47 1.19
56.76 44.70 113.83 5.35 28.09 18.82 4.05 7.15 479 2.98 5.26 56.15 12.84 1.66 0.45
45.83 46.33 85.02 7.26 26.36 16.06 1.12 10.49 5.97 1.77 6.47 62.13 14.50 1.92 0.56
45.47 37.23 86.03 7.37 25.36 15.77 0.98 10.39 5.73 1.69 6.18 59.56 14.29 1.83 0.51
32.60 34.59 66.29 8.18 25.97 13.26 0.94 7.78 2.38 228 271 32.83 8.46 0.90 0.24
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Table 6: Ti/Zr ratios in seven volcanic ash beds and ~300 whole rock samples from seven subsurface cores of EF black shales.

DEPTH Ti (wt%) Zr(ppm) Ti/Zr

2N 14067.75-14067.95 0.23 87.00 26.52
7L 13701.40-13701-60 0.28 84.00 33.68
11H 13090.45-13091.35 0.15 177.00 8.74
IF 13814.4 0.29 91.00 31.55
3L 13399.95-13400.15 0.26 206.00 12.86
I5R 13916.25-13916.85 0.59 120.00 49.29
14R 13914.75-13914.90 0.43 303.00 14.14
Well 3 0.23 52.58 4331
Well 12 0.25 63.00 39.96
Well 16 0.26 64.48 40.90
Well 17 0.20 70.32 28.98
Well 20 0.26 108.15 23.83
Well 24 0.25 79.17 31.80
Well 19 0.42 92.91 45.16
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Table 7: Re-Os isotope systematics of EF Shale. Notice the high Re concentration. The '870s/!%30s indicates continental crustal origin.

Os Re 05/ ™0
Samples 0s (ppt)  1/'%0s  '"*70s/'*0s 2s 87Re/**0s Re(ppb) initial
(ppt) (ppt) @=93*106
H13 462.6 61.2 0.0163 3.8306 0.0048 243.1 15564 15.564 3.4536
H15 548.6 72.6 0.0138 3.957 0.0055 214.3 16096  16.096 3.6247
H26 173.3 22.9 0.0436 5.2411 0.0066 619.6 13228  13.228 4.2802
H29 224.4 29.7 0.0337 4.7323 0.0042 492.7 14181 14.181 3.9682
H32 534.7 70.8 0.0141 3.8761 0.0037 211.5 15590 15.59 3.5481
H33 650.9 86.2 0.0116 3.8991 0.0032 185.2 16590 16.59 3.6119
H39 932.1 123.4 0.0081 5.3529 0.0023 155.5 17701  17.701 5.1118
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Table 8: Raman Band Separation (RBS/G-D), Total Organic Carbon (TOC), RockEval Pyrolysis (Tmax) and vitrtinite reflectance (Ro%) plotted against the depth of the 300 ft long

Well 8 core.

Depths G-D TOC% Tmax Vro
13095.17766 252.52 0.833 462 1.156
13099.74619 254.25 1.88 462 1.156
13119.54315 262.09 1.17 448 0.904
13131.72589 251.29 2.62 461 1.138
13141.62437 251.82 3.05 457 1.066
13167.51269 241.01 333 464 1.192
13168.27411 254.90 0.685 446 0.868
13169.03553 247.73 3.5 463 1.174
13178.17259 253.23 4.34 464 1.192
13186.54822 247.19 3.86 469 1.282
13195.68528 259.18 4.92 462 1.156
13204.06091 254.43 4.14 470 1.3
13210.15228 256.08 0.668 454 1.012
13216.24365 246.12 5.35 465 1.21
13220.05076 251.62 533 464 1.192
13221.5736 264.53 2.76 449 0.922
13229.94924 248.00 5.19 466 1.228
13234.51777 257.66 4.34 473 1.354
13246.70051 260.22 2.63 474 1.372

Depths G-D TOC% Tmax Vro
13255.83756 247.23 2.5 474 1.372
13261.92893 251.75 3.59 476 1.408
13269.54315 249.64 1.99 474 1.372
13272.58883 245.64 4.19 472 1.336
13281.72589 243.82 2.59 472 1.336
13296.19289 254.45 4.21 464 1.192
13302.28426 258.30 4.67 468 1.264
13329.69543 25791 5.49 472 1.336
13347.96954 24341 6.1 472 1.336
13349.49239 254.73 422 467 1.246
13359.39086 246.65 0.517 0 0
13373.85787 243.25 0.392 0 0
13379.18782 256.68 0.392 0 0
13389.08629 251.31 0.205 0 0
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Table 9: Raman shift spectra analysis of 34 billets of EF black shale.

13096 1602.4 1349.79  252.63 1.19 1.17 1.01
13100 1597.5 1343.08  254.38 1.19 1.89 220.9 58.99 3.74 1.06
13120 1602.4 1340.15 262.27 1.2 1.64 145.7 5543 2.63 1.29
13132 1601.7 1350.29  251.36 1.19 1.59 191.71 56.88 3.37 0.97
13143  1600.3 1348.37 251.91 1.19 1.2 152.85 55.99 2.73 0.98
13167 1599.9 1358.82 241.1 1.18 1.3 176.88 59.51 2.97 0.67
13169  1599.7 1344.63  255.06 1.19 2.04 227.33 59.05 3.85 1.08
13170  1604.4 1356.46  247.89 1.18 1.98 22343 61.84 3.61 0.87
13179  1600.2 1346.79  253.37 1.19 1.87 215.57 58.87 3.66 1.03
13187 1598 1350.77  247.27 1.18 2.01 235.23 67.91 3.46 0.85
13196  1600.2 1340.77  259.39 1.19 1.27 158.43 53.19 2.98 1.2
13205 1600.5 1345.93  254.56 1.19 1.95 238.16 69.29 3.44 1.06
13211 16023 1346.07  256.24 1.19 1.66 201.65 53.79 3.75 1.11
13217  1599.9 1353.64  246.29 1.18 1.85 223.26 61.8 3.61 0.82
13221  1599.7 1347.9 251.84 1.19 1.86 220.41 58.64 3.76 0.98
13223 1599.1 133441  264.68 1.2 1.17 277.59 60.37 4.6 1.36
13230 15994 1351.19  248.16 1.18 1.37 176.52 58.61 3.01 0.88
13236  1597.2 1339.46  257.77 1.19 1.36 162.27 54.77 2.96 1.15
13247 1602.4 1342.08  260.35 1.19 2.04 241.37 66 3.66 1.23
13256  1595.8 1348.46  247.37 1.18 1.97 216.67 76.11 2.85 0.85
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contd.

13263 1600 1348.13  251.88 1.19 1.88 216.85 58.64 3.7 0.98
13269 1600.4 1350.67  249.71 1.18 1.63 204.49 58.62 3.49 0.92
13273  1599.6 1353.73  245.85 1.18 1.86 225.15 63.79 3.53 0.81
13282  1594.6 1350.57 244 1.18 1.83 200.55 83.47 2.4 0.76
13297  1596.2 1341.6 254.62 1.19 1.89 212.61 58.36 3.64 1.06
13303 1606.3 1347.86  258.42 1.19 2.04 232.62 65.34 3.56 1.17
13330  1596.8 1338.78  258.06 1.19 1.53 179.18 554 3.23 1.16
13349  1599.7 1356.17 243.5 1.18 2 236.67 64.34 3.68 0.74
13350  1600.5 1345.53  254.97 1.19 0.73 103.6 50.68 2.04 1.07
13360 1606.3 1359.43  246.84 1.18 1.3 83.84 524 1.6 0.84
13373 1599.7 1356.17 243.5 1.18 2 236.67 64.34 3.68 0.74
13380 1601.6 1344.7 256.94 1.19 1.68 184.11 50.62 3.64 1.13
13389  1600.1 1348.54  251.56 1.19 1.37 166.97 57.48 2.9 0.97
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Table 10: U-Pb zircon data of 10 acid volcanic rocks from five complexes within the DT determined from LA-ICP-MS.

Isotope ratios

Apparent ages (Ma)

U 206ppy/ U/Th 206ppy*/ + 207ph*/ + 206ph*/ + error  2%Pb*/ + 207ph*/ + 206ph*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) =8y (%)  corr B8y* (Ma) 25U (Ma)  207Pb* (Ma) (Ma) (Ma)
Spot 1 141 1130 1.7 24.7994 2.7 0.0555 3.6 0.0100 23 0.64 64.1 1.4 54.9 1.9 NA NA 64.1 1.4
Spot 2 108 864 1.8 31.2477 9.0 0.0444 9.4 0.0101 24 0.26 64.6 1.6 44.1 4.0 NA NA 64.6 1.6
Spot 3 94 819 1.2 33.0309 11.6 0.0424 12.0 0.0102 32 0.26 65.2 2.1 422 5.0 NA NA 65.2 2.1
Spot 4 117 134197 1.6 17.2094 2.7 0.0819 3.6 0.0102 23 0.65 65.6 1.5 79.9 2.7 533.8 59.1 65.6 1.5
Spot 5 87 135231 1.5 20.1937 33 0.0702 4.1 0.0103 24 0.58 66.0 1.6 68.9 2.7 172.5 71.7 66.0 1.6
Spot 6 82 7355 14 19.8363 3.7 0.0716 4.5 0.0103 2.6 0.58 66.1 1.7 70.2 3.1 214.1 85.6 66.1 1.7
Spot 7 101 3263 14 22.5351 5.0 0.0632 57 0.0103 2.7 0.48 66.2 1.8 62.2 34 NA NA 66.2 1.8
Spot 8 125 1331 1.3 26.0521 2.9 0.0547 3.8 0.0103 2.5 0.66 66.3 1.6 54.1 2.0 NA NA 66.3 1.6
Spot 9 112 1057 1.8 31.4756 21.2 0.0453 21.3 0.0104 23 0.11 66.4 1.5 45.0 9.4 NA NA 66.4 1.5
Spot 10 89 2622 1.3 24.4246 43 0.0586 5.4 0.0104 32 0.59 66.6 2.1 57.8 3.0 NA NA 66.6 2.1
Spot 11 92 1315 14 25.2296 35 0.0567 43 0.0104 2.5 0.58 66.6 1.6 56.0 23 NA NA 66.6 1.6
Spot 12 71 2058 1.6 22.7377 4.7 0.0631 5.8 0.0104 33 0.58 66.8 2.2 62.2 35 NA NA 66.8 22
Spot 13 95 5606 1.8 21.8077 2.6 0.0672 34 0.0106 2.1 0.63 68.2 1.4 66.1 2.1 NA NA 68.2 1.4
G8 Spot 14 146 19361 1.3 17.6585 2.9 0.0843 3.9 0.0108 2.6 0.67 69.2 1.8 82.2 3.1 477.1 63.7 69.2 1.8
Spot 15 103 1973 1.2 24.7653 8.8 0.0619 9.2 0.0111 2.9 0.31 71.3 2.0 61.0 55 NA NA 71.3 2.0
Spot 16 75 813 1.1 6.3539 18.8 0.2573 20.0 0.0119 6.8 0.34 76.0 5.1 232.5 41.6 2427.7 321.9 76.0 5.1
Spot 17 85 5384 1.7 18.6570 33 0.1013 9.4 0.0137 8.8 0.94 87.8 7.7 98.0 8.8 354.2 753 87.8 7.7
Spot 18 72 2148 14 20.3103 3.9 0.1023 6.0 0.0151 4.6 0.77 96.4 4.4 98.9 5.7 159.1 90.1 96.4 4.4
Spot 19 90 9325 1.5 16.2112 2.9 0.2082 8.2 0.0245 7.7 0.93 155.9 11.8 192.0 14.4 663.2 62.8 155.9 11.8
Spot 20 101 16972 2.0 17.5083 2.1 0.2078 6.5 0.0264 6.1 0.94 168.0 10.2 191.7 11.3 496.0 47.4 168.0 10.2
Spot 21 965 36935 1.3 16.0149 0.8 0.2922 8.1 0.0340 8.1 1.00 215.2 17.1 260.3 18.6 689.3 16.7 215.2 17.1
Spot 22 104 8595 1.6 14.9048 14 03172 43 0.0343 4.0 0.94 217.4 8.6 279.8 10.4 840.6 30.1 217.4 8.6
Spot 23 145 4974 1.5 18.1224 43 0.2876 10.4 0.0378 9.5 0.91 2393 223 256.6 23.6 419.5 95.9 239.3 223
Spot 24 150 14004 1.8 16.9984 23 0.3820 7.7 0.0471 7.4 0.95 296.8 214 328.5 21.7 560.8 50.6 296.8 214
Spot 25 97 38036 2.7 15.7045 2.5 0.5039 3.7 0.0574 2.8 0.74 359.9 9.7 4143 12.7 730.9 53.0 359.9 9.7
Spot 26 211 27685 14 15.6760 2.9 0.8428 6.5 0.0959 5.8 0.89 590.1 329 620.7 30.3 734.7 61.7 590.1 329
Spot 27 243 247429 2.8 16.1953 1.1 0.8480 23 0.0996 2.0 0.87 612.3 11.6 623.5 10.5 665.4 23.5 612.3 11.6
Spot 1 232 2237 1.5 23.0935 8.0 0.0596 8.1 0.0100 1.8 0.22 64.0 1.1 58.7 4.7 NA NA 64.0 1.1
Spot 2 460 2391 1.1 23.3647 1.2 0.0602 2.1 0.0102 1.7 0.83 65.5 1.1 59.4 1.2 NA NA 65.5 1.1
Spot 3 384 14070 14 20.9456 14 0.0674 2.8 0.0102 24 0.86 65.7 1.6 66.2 1.8 86.6 334 65.7 1.6
Go Spot 4 257 4873 14 21.7494 2.1 0.0652 2.9 0.0103 2.0 0.70 65.9 1.3 64.1 1.8 NA NA 65.9 1.3
Spot 5 467 20254 1.0 20.6373 1.0 0.0691 23 0.0103 2.0 0.89 66.4 1.3 67.9 1.5 121.6 24.7 66.4 1.3
Spot 6 208 1261 1.0 26.8470 22 0.0533 3.6 0.0104 2.8 0.80 66.6 1.9 52.7 1.8 NA NA 66.6 1.9
Spot 7 621 310762 1.2 20.4271 1.6 0.0702 24 0.0104 1.8 0.75 66.7 1.2 68.9 1.6 145.7 374 66.7 1.2
Spot 8 426 6752 1.2 21.1630 1.8 0.0678 3.1 0.0104 2.5 0.81 66.8 1.7 66.6 2.0 62.0 43.5 66.8 1.7
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contd.

Isotope ratios Apparent ages (Ma)
U 206ppy/ U/Th 206ppy*/ + 207ph*/ + 206ph*/ + error  2%Pb*/ + 207ph*/ + 206phy*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) 28U (%)  corr. 28y* (Ma) 25y (Ma)  27pb* (Ma) (Ma) (Ma)
Spot 9 218 3041 1.1 21.9336 43 0.0655 5.2 0.0104 29 0.55 66.8 1.9 64.4 32 NA NA 66.8 1.9
Spot 10 568 9630 1.1 20.9791 1.3 0.0685 2.6 00104 22 0.86 66.9 1.5 67.3 1.7 82.7 31.5 66.9 1.5
Spot 11 376 17591 1.5 21.1986 1.4 0.0681 2.2 0.0105 1.8 0.80 67.2 1.2 66.9 1.4 58.0 323 67.2 1.2
Spot 12 170 989 0.9 29.8440 6.0  0.0487 6.6 00106 29 0.43 67.7 1.9 483 3.1 NA NA 67.7 1.9
Spot 13 192 3526 1.5 20.7624 2.7 0.0701 4.2 0.0106 3.3 0.78 67.8 2.2 68.8 2.8 107.4 62.6 67.8 2.2
Spot 14 220 5669 1.5 21.4868 3.2 0.0678 43 0.0106 2.9 0.67 67.8 1.9 66.6 2.8 25.7 773 67.8 1.9
Spot 15 149 688 1.9 23.4573 50  0.0622 5.5 0.0106 2.2 0.40 67.9 1.5 61.3 32 NA NA 67.9 1.5
Spot 16 186 5470 1.2 22.0827 2.2 0.0670 3.0 0.0107 20 0.68 68.8 1.4 65.8 1.9 NA NA 63.8 1.4
Spot 17 206 6006 1.6 21.6758 2.7 0.0688 4.1 0.0108 3.1 0.76 69.3 2.1 67.5 2.7 4.7 64.1 69.3 2.1
Spot 18 207 16800 1.5 19.2340 2.6 0.0779 35 0.0109 23 0.67 69.7 1.6 76.1 2.5 285.0 59.0 69.7 1.6
Spot 19 107 3584 1.4 16.6171 5.8 0.0910 6.7 00110 32 0.49 70.4 2.3 88.5 5.7 610.0 126.3 70.4 2.3
Spot 20 551 30679 4.7 17.7542 1.7 0.1621 5.8 0.0209 5.5 0.95 1332 7.3 152.6 8.2 465.2 38.7 133.2 7.3
Spot 21 156 9799 1.9 17.1102 2.0  0.2804 33 0.0348 2.7 0.81 220.6 5.9 251.0 7.4 546.5 42.6 220.6 5.9
Spot 22 947 36327 4.0 17.0404 1.2 0.3316 5.8 0.0410 5.7 0.98 259.1 14.5 290.8 14.8 555.4 26.3 259.1 14.5
Spot 23 208 17503 2.6 16.7364 2.1 0.6370 7.3 0.0774 6.9 0.96 480.3 32.1 500.5 28.7 594.5 46.3 480.3 32.1
Spot 24 138 33967 1.9 16.9101 1.2 0.6755 2.2 0.0829 1.9 0.85 513.3 9.3 524.0 9.0 572.1 25.1 513.3 9.3
Spot 25 94 136042 3.8 16.3561 1.0 0.8387 2.6 00995 24 0.92 611.7 14.2 618.4 12.3 644.2 222 611.7 14.2
Spot 1 1011 19970 0.8 20.8300 1.2 0.0672 2.3 0.0102 2.0 0.86 65.1 13 66.0 1.5 99.6 28.6 65.1 13
Spot 2 842 12631 0.9 20.7526 1.2 0.0675 2.5 0.0102 2.2 0.88 65.2 1.4 66.3 1.6 108.4 27.7 65.2 1.4
Spot 3 807 32401 1.0 20.5037 1.4 0.0685 3.2 0.0102 2.9 0.90 65.3 1.9 67.2 2.1 136.9 319 65.3 1.9
Spot 4 2874 22429 0.5 19.7718 1.2 0.0714 2.6  0.0102 23 0.88 65.7 1.5 70.0 1.8 221.6 28.3 65.7 1.5
Spot 5 951 26717 1.0 20.5956 1.2 0.0686 2.7  0.0103 2.4 0.89 65.8 1.6 67.4 1.8 126.4 29.1 65.8 1.6
Spot 6 1225 16191 0.8 21.0793 1.2 0.0671 2.5 0.0103 2.2 0.88 65.8 1.4 65.9 1.6 71.4 27.5 65.8 1.4
Spot 7 696 24688 0.3 20.6347 1.2 0.0687 2.2 0.0103 1.9 0.85 66.0 13 67.5 1.5 1219 27.8 66.0 13
Spot 8 166 2533 0.1 21.1742 3.8 0.0672 45 0.0103 2.3 0.51 66.2 1.5 66.1 2.9 60.7 91.5 66.2 1.5
Spot 9 2317 20643 0.6 20.8572 1.1 0.0683 1.9 00103 1.6 0.82 66.3 1.1 67.1 13 96.6 25.9 66.3 1.1
Spot 10 963 10848 0.5 21.3043 1.4 0.0669 2.5 0.0103 2.0 0.82 66.3 13 65.8 1.6 46.1 334 66.3 13
A7 Spot 11 743 17757 0.1 20.9925 1.5 0.0680 2.6  0.0104 2.1 0.82 66.4 1.4 66.8 1.7 81.2 35.0 66.4 1.4
Spot 12 944 10194 0.4 21.2016 1.2 0.0674 24  0.0104 2.1 0.87 66.5 1.4 66.2 1.5 57.6 28.1 66.5 1.4
Spot 13 866 30069 0.3 20.6270 1.2 0.0693 2.3 0.0104 1.9 0.84 66.5 13 68.0 1.5 122.7 28.7 66.5 13
Spot 14 1599 24033 0.7 20.5469 1.4 0069 23 0.0104 1.9 0.81 66.5 1.2 68.3 1.5 1319 322 66.5 1.2
Spot 15 1524 2632 0.4 17.5899 5.6  0.0814 59 00104 2.1 0.35 66.6 1.4 79.5 45 485.8 122.9 66.6 1.4
Spot 16 943 19920 0.8 20.7229 1.1 0.0691 24 00104 2.1 0.89 66.7 1.4 67.9 1.6 111.8 26.4 66.7 1.4
Spot 17 1559 12600 0.6 21.1555 1.2 0.0678 2.2 0.0104 1.9 0.86 66.7 13 66.6 1.4 62.8 27.6 66.7 13
Spot 18 1232 14781 0.6 19.1542 1.2 0.0749 2.6 00104 23 0.88 66.7 1.5 73.3 1.9 294.5 28.2 66.7 1.5
Spot 19 915 24109 0.9 19.1503 1.8 0.0750 2.9  0.0104 23 0.79 66.8 1.5 73.4 2.1 295.0 41.1 66.8 1.5
Spot 20 1155 39852 0.7 19.5616 1.3 0.0734 29  0.0104 2.6 0.90 66.8 1.7 71.9 2.0 246.3 29.3 66.8 1.7
Spot 21 1477 766064 0.5 20.6453 09  0.0698 1.8 0.0104 1.6 0.88 67.0 1.0 68.5 1.2 120.7 20.4 67.0 1.0
Spot 22 847 60620 1.0 19.2216 2.2 0.0750 2.9  0.0105 2.0 0.67 67.1 13 73.4 2.1 286.5 50.0 67.1 13
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Isotope ratios

Apparent ages (Ma)

contd.

U 206pp/ U/Th 200pp* + 207ph*/ + 206ph*/ + error  2%Pb*/ + 207ph*/ + 206ph*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) B8y (%)  corr B8y* (Ma) 25y (Ma)  207Pb* (Ma) (Ma) (Ma)
Spot 23 1146 1306 0.7 13.1568 7.0 0.1098 7.6 0.0105 3.1 0.41 67.2 2.1 105.8 7.7 1095.3 139.6 67.2 2.1
Spot 24 435 6336 0.3 21.1270 1.6 0.0685 3.1 0.0105 2.7 0.86 67.3 1.8 67.3 2.0 66.1 37.7 67.3 1.8
Spot 25 685 3794 0.8 19.6068 32 0.0739 4.0 0.0105 24 0.61 67.4 1.6 72.4 2.8 241.0 73.8 67.4 1.6
Spot 26 1312 2410 0.8 15.5799 6.4 0.0934 6.8 0.0106 22 0.33 67.7 1.5 90.7 59 747.7 135.4 67.7 1.5
Spot 27 995 40816 0.8 17.9352 3.0 0.0816 3.7 0.0106 22 0.58 68.1 1.5 79.6 2.8 442.7 67.1 68.1 1.5
Spot 28 521 1313 0.8 11.7425 10.0 0.1246 10.6 0.0106 35 0.33 68.1 24 119.2 11.9 1319.2 194.5 68.1 24
Spot 29 598 8486 0.6 21.2783 1.7 0.0691 3.0 0.0107 2.5 0.82 68.4 1.7 67.8 2.0 49.0 41.1 68.4 1.7
Spot 30 925 1873 0.8 11.1462 9.3 0.1321 9.6 0.0107 2.1 0.22 68.5 1.5 126.0 11.3 1419.5 178.7 68.5 1.5
Spot 31 449 12515 0.4 20.4515 1.6 0.0723 2.6 0.0107 2.1 0.79 68.8 1.4 70.9 1.8 142.9 38.0 68.8 1.4
Spot 32 343 4478 1.2 14.5657 4.5 0.1020 5.4 0.0108 3.0 0.56 69.1 2.1 98.7 5.1 888.4 92.5 69.1 2.1
Spot 33 128 3552 0.2 13.8703 2.8 0.1104 3.9 0.0111 2.7 0.70 71.3 1.9 106.4 39 988.7 56.2 71.3 1.9
Spot 34 889 534 1.0 8.2960 8.0 0.1927 9.3 0.0116 4.7 0.51 743 35 178.9 153 1964.2 143.6 74.3 35
Spot 1 98 574 0.8 40.5280 5.6 0.0332 6.4 0.0098 3.1 0.48 62.6 1.9 332 2.1 NA NA 62.6 1.9
Spot 2 88 902 1.7 29.1647 43 0.0480 5.4 0.0102 33 0.61 65.1 2.1 47.6 2.5 NA NA 65.1 2.1
Spot 3 86 6362 0.6 20.3300 2.8 0.0691 3.7 0.0102 24 0.65 65.3 1.6 67.8 24 156.8 65.7 65.3 1.6
Spot 4 95 2995 1.4 234115 6.4 0.0605 7.0 0.0103 2.9 0.42 65.9 1.9 59.6 4.1 NA NA 65.9 1.9
Spot 5 108 1449 1.5 25.0003 43 0.0572 52 0.0104 2.9 0.56 66.6 1.9 56.5 29 NA NA 66.6 1.9
Spot 6 102 1662 1.5 24.6894 4.5 0.0580 5.1 0.0104 24 0.47 66.6 1.6 57.2 2.8 NA NA 66.6 1.6
Spot 7 198 5252 1.1 20.1571 2.7 0.0711 3.6 0.0104 2.5 0.68 66.7 1.6 69.8 24 176.8 62.0 66.7 1.6
Spot 8 205 4922 1.3 21.4203 2.1 0.0671 3.9 0.0104 32 0.84 66.9 22 65.9 2.5 33.1 50.4 66.9 22
Spot 9 127 1637 1.3 23.6496 3.1 0.0609 43 0.0105 3.0 0.69 67.0 2.0 60.0 2.5 NA NA 67.0 2.0
Spot 10 136 1230 1.0 26.7967 7.9 0.0539 8.4 0.0105 2.9 0.35 67.2 1.9 533 4.4 NA NA 67.2 1.9
Spot 11 153 2011 1.3 23.7748 24 0.0609 34 0.0105 24 0.70 67.3 1.6 60.0 2.0 NA NA 67.3 1.6
Spot 12 234 36503 0.9 20.5987 1.7 0.0702 2.9 0.0105 24 0.80 67.3 1.6 68.9 2.0 126.0 41.1 67.3 1.6
Gl Spot 13 81 16231 1.5 20.1912 3.0 0.0719 4.0 0.0105 2.7 0.67 67.6 1.8 70.5 2.7 172.8 69.9 67.6 1.8
Spot 14 202 4563 1.0 21.5448 23 0.0677 34 0.0106 2.5 0.73 67.9 1.7 66.5 22 19.3 55.4 67.9 1.7
Spot 15 105 4754 1.1 21.7297 3.0 0.0675 35 0.0106 1.9 0.54 68.3 1.3 66.3 23 NA NA 68.3 1.3
Spot 16 94 16296 1.6 16.9632 22 0.2275 3.7 0.0280 3.0 0.81 178.1 53 208.2 7.1 565.3 48.3 178.1 53
Spot 17 281 11065 5.5 17.5448 1.2 0.2886 4.9 0.0367 4.8 0.97 232.6 10.9 257.4 11.2 491.4 27.5 232.6 10.9
Spot 18 150 5227508 2.7 16.8490 1.2 0.3060 2.7 0.0374 24 0.90 236.8 5.7 271.1 6.5 580.0 254 236.8 5.7
Spot 19 92 6207 1.3 17.8603 1.6 0.2959 2.7 0.0383 22 0.81 242.6 52 263.2 6.3 452.0 355 242.6 52
Spot 20 84 4835 1.1 17.8763 3.7 0.3477 8.0 0.0451 7.1 0.89 284.4 19.8 303.0 21.1 450.0 82.7 284.4 19.8
Spot 21 128 21763 2.1 16.1670 14 0.5448 2.5 0.0639 2.1 0.84 399.3 8.2 441.6 9.0 669.1 29.3 399.3 8.2
Spot 22 295 22701 12.1 17.3530 1.0 0.6212 23 0.0782 2.1 0.90 485.5 9.7 490.6 9.0 515.6 223 485.5 9.7
Spot 23 394 28092 1.6 16.9189 1.1 0.6769 3.0 0.0831 2.7 0.93 514.6 13.6 524.9 12.1 571.0 234 514.6 13.6
Spot 24 389 108177 1.6 16.7686 0.9 0.7079 24 0.0861 22 0.92 532.6 11.1 543.5 10.0 590.4 20.3 532.6 11.1
Spot 25 389 61873 1.6 16.8242 1.2 0.7225 2.8 0.0882 2.6 0.91 544.9 13.5 552.2 12.1 583.2 25.7 544.9 13.5
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Isotope ratios Apparent ages (Ma)
U 20py/  U/Th 206pp*/ + 207ph*/ + 206ph*/ + error  20°Pb*/ + 207ph*/ + 206phy*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) =8y (%)  corr 28y (Ma) 25y (Ma)  27pb* (Ma) (Ma) (Ma)
Spot 1 722 1162 0.3 13.4545 6.2 0.0966 8.1 0.0094 5.1 0.64 60.5 3.1 93.7 7.2 1050.3 125.3 60.5 3.1
Spot 2 633 19198 0.6 20.6046 1.3 0.0670 2.8 0.0100 2.5  0.88 64.3 1.6 65.9 1.8 125.3 31.3 64.3 1.6
Spot 3 4267 53581 0.6 21.1216 1.0 0.0660 2.1 0.0101 1.9 0.89 64.9 1.2 64.9 13 66.7 229 64.9 1.2
Spot 4 830 8608 0.9 21.6880 1.5 0.0645 2.4 0.0101 1.9 078 65.1 1.2 63.5 1.5 33 37.0 65.1 1.2
Spot 5 572 16856 0.6 20.9446 1.3 0.0669 3.0 0.0102 2.7 0.90 65.2 1.8 65.7 1.9 86.7 30.8 65.2 1.8
Spot 6 2921 7360 0.5 19.1077 32 0.0735 3.6 0.0102 1.7 048 65.4 1.1 72.0 2.5 300.1 72.7 65.4 1.1
Spot 7 516 7413 0.5 21.4654 22 0.0656 33 0.0102 25 0.74 65.5 1.6 64.5 2.1 28.1 53.8 65.5 1.6
Spot 8 593 8193 0.6 20.7683 1.5 0.0681 34 0.0103 3.0 089 65.8 2.0 66.9 2.2 106.7 36.4 65.8 2.0
Spot 9 2314 20931 2.4 21.3422 1.2 0.0664 2.6 0.0103 23 0.88 66.0 1.5 65.3 1.6 41.9 29.7 66.0 1.5
Spot 10 613 11993 0.6 21.7749 1.6 0.0656 2.9 0.0104 25 0.85 66.5 1.6 64.5 1.8 NA NA 66.5 1.6
Spot 11 943 8634 0.3 20.7159 1.3 0.0693 2.7 0.0104 23 0.87 66.8 1.6 68.0 1.8 112.6 31.2 66.8 1.6
Bs Spot 12 297 6629 0.3 21.8668 1.6 0.0657 3.0 0.0104 25 0.83 66.9 1.6 64.6 1.9 NA NA 66.9 1.6
Spot 13 186 801 0.7 18.9581 94  0.0759 9.9 0.0104 29 029 67.0 1.9 74.3 7.1 317.9 215.1 67.0 1.9
Spot 14 367 3880 0.6 23.0954 1.5 0.0626 2.9 0.0105 25 0.85 67.3 1.7 61.7 1.7 NA NA 67.3 1.7
Spot 15 350 4161 0.6 21.0237 33 0.0689 4.1 0.0105 24  0.60 67.4 1.6 67.7 2.7 71.7 78.4 67.4 1.6
Spot 16 348 21649 0.4 20.6730 2.4 0.0701 3.9 0.0105 3.1 0.79 67.5 2.1 68.8 2.6 117.5 56.3 67.5 2.1
Spot 17 564 4033 0.4 23.1000 1.7 0.0630 2.7 0.0106 2.1 0.79 67.7 1.4 62.0 1.6 NA NA 67.7 1.4
Spot 18 1145 5063 0.5 16.2020 32 0.0899 3.7 0.0106 1.8 049 67.7 1.2 87.4 3.1 664.5 68.6 67.7 1.2
Spot 19 310 2716 0.6 23.7325 29  0.0618 3.8 0.0106 2.5  0.65 68.3 1.7 60.9 2.3 NA NA 68.3 1.7
Spot 20 554 235 0.5 4.1686 9.8 04480 11.7 0.0136 63 0.54 86.8 54 375.9 36.6 31192 1569 86.8 54
Spot 21 573 247 0.6 3.8864 3.7 0.5051 6.0 0.0142 48  0.79 91.2 43 415.1 20.6 32303 58.8 91.2 43
Spot 22 320 89867 2.4 13.3318 0.8 1.9292 2.1 0.1866 1.9 093 1103.0 19.4 1091.3 13.8 1068.8 154 1068.8 15.4
Spot 23 370 139376 2.3 13.2934 1.1 1.9626 3.0 0.1893 2.8  0.93 1117.6 283 1102.8 19.9 1074.6 21.3 1074.6 21.3
Spot 24 255 34335 2.4 13.2449 0.8 1.9370 2.4 0.1862 2.3 0.94 1100.5 233 1094.0 16.3 1081.9 16.0 1081.9 16.0
Spot 1 564 6725 0.7 19.1836 2.1 0.0723 3.5 0.0101 28  0.79 64.5 1.8 70.9 2.4 291.0 48.7 64.5 1.8
Spot 2 714 40701 0.4 19.5667 1.9  0.0716 2.8 0.0102 2.1 0.74 65.2 1.4 70.2 1.9 245.7 434 65.2 1.4
Spot 3 1014 3454 0.4 22.7443 1.5 0.0617 2.6 0.0102 2.1 0.82 65.3 1.4 60.8 1.5 NA NA 65.3 1.4
Spot 4 856 14301 0.6 21.5025 1.7 0.0656 2.8 0.0102 22  0.78 65.6 1.4 64.5 1.7 23.9 41.9 65.6 1.4
Spot 5 1703 57796 0.3 20.8371 09  0.0680 2.2 0.0103 2.0  0.92 65.9 13 66.8 1.4 98.9 21.1 65.9 13
Spot 6 651 7318 0.7 21.8757 1.4 0.0648 2.6 0.0103 22  0.84 66.0 1.5 63.8 1.6 NA NA 66.0 1.5
Spot 7 1113 15787 0.3 17.7781 3.0  0.0799 4.0 0.0103 2.6  0.66 66.1 1.7 78.0 3.0 462.2 67.3 66.1 1.7
B2 Spot 8 713 25328 0.7 20.7268 1.9  0.0687 3.1 0.0103 24  0.78 66.3 1.6 67.5 2.0 111.4 46.0 66.3 1.6
Spot 9 572 3285 0.3 22.7190 1.7 0.0627 2.9 0.0103 23 0.81 66.3 1.5 61.8 1.7 NA NA 66.3 1.5
Spot 10 636 35346 0.3 20.9955 1.7 0.0684 3.1 0.0104 2.6  0.83 66.8 1.7 67.2 2.0 80.9 40.8 66.8 1.7
Spot 11 1411 7550 0.4 21.6319 1.4 0.0664 2.8 0.0104 24  0.87 66.8 1.6 65.3 1.8 9.5 33.0 66.8 1.6
Spot 12 1735 2193 0.3 16.8833 5.5  0.0852 6.4 0.0104 32  0.50 67.0 2.1 83.1 5.1 575.6 120.4 67.0 2.1
Spot 13 823 7730 0.4 21.6698 22 0.0665 32 0.0105 23 0.71 67.0 1.5 65.4 2.0 53 54.0 67.0 1.5
Spot 14 1161 27948 0.4 21.1482 1.0 0.0683 2.6 0.0105 23 0.91 67.2 1.6 67.1 1.7 63.6 24.7 67.2 1.6
Spot 15 550 37979 0.7 20.7190 1.8 0.0699 3.0 0.0105 24  0.80 67.4 1.6 68.6 2.0 112.3 423 67.4 1.6
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U 200pp/  U/Th 206pp*/ + 207ph*/ + 206ph*/ + error  2%Pb*/ + 207ph*/ + 206ph*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) B8y (%)  corr. B8y* (Ma) 25y (Ma)  207Pb* (Ma) (Ma) (Ma)
Spot 16 738 1479 0.4 14.2117 32 0.1020 4.2 0.0105 2.6 0.63 67.4 1.7 98.6 39 939.0 66.3 67.4 1.7
Spot 17 381 5814 0.5 21.8405 1.8 0.0664 34 0.0105 2.8 0.84 67.5 1.9 65.3 2.1 NA NA 67.5 1.9
Spot 18 520 10877 0.3 18.9493 1.9 0.0768 3.7 0.0106 3.1 0.86 67.7 2.1 75.1 2.7 319.0 43.1 67.7 2.1
Spot 19 1566 1495 0.3 13.6424 4.9 0.1067 54 0.0106 22 0.41 67.7 1.5 102.9 53 1022.3 100.1 67.7 1.5
Spot 20 1172 1163 0.3 13.0899 8.0 0.1116 8.5 0.0106 2.9 0.34 68.0 2.0 107.4 8.6 1105.5 159.2 68.0 2.0
Spot 21 448 1743 0.5 15.4412 2.9 0.0946 4.2 0.0106 3.0 0.73 68.0 2.1 91.8 3.7 766.6 60.1 68.0 2.1
Spot 22 811 2140 0.2 15.9541 5.7 0.0920 6.2 0.0107 23 0.38 68.3 1.6 89.4 53 697.4 122.2 68.3 1.6
Spot 23 731 599 0.2 9.7015 6.0 0.1549 6.6 0.0109 2.8 0.42 69.9 1.9 146.3 9.0 1680.2 110.8 69.9 1.9
Spot 24 156 1403 1.2 17.5628 6.1 0.0867 6.8 0.0110 3.0 0.45 70.8 2.1 84.4 55 489.2 134.6 70.8 2.1
Spot 25 560 853 0.5 11.5731 4.8 0.1330 55 0.0112 2.8 0.51 71.6 2.0 126.8 6.6 1347.3 92.0 71.6 2.0
Spot 26 631 780 0.8 10.3862 8.6 0.1501 9.2 0.0113 32 0.35 72.5 23 142.0 12.1 1553.3 161.4 72.5 23
Spot 27 1288 384 0.7 6.0959 55 0.2809 6.4 0.0124 3.1 0.49 79.6 2.5 251.4 14.1 2497.8 93.1 79.6 2.5
Spot 28 2305 276 0.7 4.7698 3.0 0.3786 4.1 0.0131 2.8 0.68 83.9 23 326.0 11.3 2902.9 48.4 83.9 23
Spot 1 96 354 1.7 121.1092  21.1 0.0114 213 0.0100 33 0.15 64.1 2.1 11.5 24 NA NA 64.1 2.1
Spot 2 293 3436 0.9 21.9044 5.0 0.0632 54 0.0100 2.1 0.39 64.4 1.3 62.2 33 NA NA 64.4 1.3
Spot 3 317 2235 1.2 22.1847 2.9 0.0628 39 0.0101 2.6 0.68 64.8 1.7 61.8 23 NA NA 64.8 1.7
Spot 4 271 2019 1.1 19.7905 7.6 0.0710 8.0 0.0102 23 0.29 65.4 1.5 69.6 54 219.4 176.5 65.4 1.5
Spot 5 206 756 1.2 23.6868 4.8 0.0599 53 0.0103 23 0.43 66.0 1.5 59.0 3.1 NA NA 66.0 1.5
Spot 6 180 3123 14 16.7485 54 0.0848 6.3 0.0103 33 0.53 66.1 2.2 82.6 5.0 592.9 116.5 66.1 22
Spot 7 759 3737 0.8 19.9980 1.4 0.0710 2.5 0.0103 2.0 0.82 66.1 1.3 69.7 1.7 195.3 33.1 66.1 1.3
Spot 8 601 4212 1.1 20.0846 4.0 0.0709 4.6 0.0103 23 0.50 66.3 1.5 69.6 3.1 185.2 92.4 66.3 1.5
Spot 9 218 6040 1.2 20.7250 23 0.0690 2.9 0.0104 1.9 0.64 66.6 1.3 67.8 1.9 111.6 534 66.6 1.3
Spot 10 206 15683 14 20.0202 2.7 0.0717 3.8 0.0104 2.7 0.71 66.8 1.8 70.3 2.6 192.7 62.4 66.8 1.8
Spot 11 251 3118 1.0 21.6354 2.5 0.0666 3.1 0.0105 1.8 0.60 67.1 1.2 65.5 1.9 9.1 59.0 67.1 1.2
Spot 12 1070 4723 1.2 16.8783 38 0.0855 4.6 0.0105 2.6 0.56 67.2 1.7 83.3 3.7 576.2 83.1 67.2 1.7
PM 4-24 Spot 13 135 3823 14 15.9564 2.6 0.0907 3.6 0.0105 24 0.68 67.3 1.6 88.2 3.0 697.1 55.9 67.3 1.6
Spot 14 423 2604 1.0 20.7379 2.4 0.0698 32 0.0105 2.1 0.65 67.4 1.4 68.6 2.1 110.1 56.6 67.4 1.4
Spot 15 213 2822 1.2 23.0621 2.8 0.0633 34 0.0106 2.0 0.57 67.9 1.3 62.3 2.1 NA NA 67.9 1.3
Spot 16 198 6937 0.9 17.5645 2.1 0.0834 3.1 0.0106 23 0.74 68.1 1.5 81.3 24 488.9 46.3 68.1 1.5
Spot 17 1345 3507 1.0 16.4574 1.7 0.0901 2.2 0.0108 13 0.59 69.0 0.9 87.6 1.8 630.9 37.7 69.0 0.9
Spot 18 1593 4260 39 13.0992 4.5 0.1139 52 0.0108 2.6 0.50 69.4 1.8 109.5 54 1104.0 90.0 69.4 1.8
Spot 19 186 1733 1.1 17.6438 4.7 0.0846 54 0.0108 2.7 0.51 69.5 1.9 82.5 43 479.0 102.8 69.5 1.9
Spot 20 462 2532 3.6 16.1203 4.2 0.0930 53 0.0109 32 0.60 69.7 2.2 90.3 4.5 675.3 89.9 69.7 22
Spot 21 169 4287 1.3 11.5755 4.2 0.1301 4.8 0.0109 22 0.47 70.1 1.6 124.2 5.6 1346.9 81.4 70.1 1.6
Spot 22 171 1735 1.3 10.7852 73 0.1411 7.9 0.0110 32 0.40 70.8 2.2 134.0 10.0 1482.2 138.3 70.8 22
Spot 23 246 1633 1.2 12.3254 6.0 0.1237 6.5 0.0111 2.7 0.41 70.9 1.9 118.4 7.3 12247 117.4 70.9 1.9
Spot 24 474 2928 1.3 22.5463 2.6 0.0692 33 0.0113 2.0 0.61 72.6 1.5 68.0 22 NA NA 72.6 1.5
Spot 25 229 1363 1.5 11.5132 3.6 0.1403 43 0.0117 23 0.54 75.1 1.7 133.3 53 1357.3 69.2 75.1 1.7
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Isotope ratios Apparent ages (Ma)
U 200pp/  U/Th 206ppy*/ + 207ph*/ + 206ph*/ + error  2%Pb*/ + 207ph*/ + 206phy*/ + Best age +
Samples (ppm) 204pp 207pp* (%) 25y (%) =8y (%)  corr. B8y* (Ma) 25U (Ma)  2Pb*  (Ma) (Ma) (Ma)
Spot 26 490 470 1.7 6.7987 2.1 0.2418 3.9 0.0119 33 0.85 76.4 2.5 219.9 7.7 2312.3 35.7 76.4 2.5
Spot 27 352 7909 2.8 16.4638 2.6 0.1016 4.9 0.0121 4.1 0.85 777 32 98.2 4.6 630.0 55.7 717 32
Spot 28 899 440 1.2 6.2747 20.6  0.2750 20.8  0.0125 2.8 0.13 80.2 2.2 246.7 45.6 2449.0  352.6 80.2 2.2
Spot 29 372 343 1.6 5.1753 12.1 03367 129  0.0126 45 0.34 81.0 3.6 294.7 33.1 2769.8  200.0 81.0 3.6
Spot 30 239 5391 0.7 14.4873 4.6 0.1204 5.1 0.0127 2.4 0.46 81.1 1.9 115.4 5.6 899.5 94.3 81.1 1.9
Spot 31 368 6275 1.2 13.4492 32 0.1345 3.8 0.0131 2.0 0.53 84.1 1.7 128.2 4.6 1051.1 65.1 84.1 1.7
Spot 32 238 235 0.4 3.8611 13.1  0.5221 14.0  0.0146 4.7 0.34 93.6 4.4 426.5 48.6 3240.6  208.1 93.6 4.4
Spot 1 176 545 0.2 8.5643 1.4 0.1867 3.1 0.0116 2.7 0.88 74.3 2.0 173.8 49 19073 26.0 74.3 2.0
Spot 2 178 783 0.2 7.4492 1.5 02151 29 00116 2.5 0.86 74.5 1.9 197.8 53 21542 26.2 74.5 1.9
Spot 3 12 301 0.1 6.3045 6.9  0.2612 7.9 00119 3.8 0.48 76.6 2.9 235.6 16.6 24410 1172 76.6 2.9
Spot 4 23 639 0.1 4.7285 62  0.3738 7.7 0.0128 45 0.58 82.2 3.6 3225 212 29169 101.1 82.2 3.6
B4 Spot 5 19 831 0.1 4.2887 3.0 04389 48  0.0137 3.8 0.78 87.5 33 369.5 15.0 30739 48.5 87.5 33
Spot 6 21 495 0.1 3.0848 1.1 0.6781 34 00152 3.2 0.94 97.1 3.1 525.6 139  3589.7 17.1 97.1 3.1
Spot 7 25 386 0.1 2.7788 1.3 0.7981 3.7 0.0161 35 0.94 102.9 35 595.7 16.6 37493 19.4 102.9 35
Spot 8 24 248 0.1 2.1401 3.8 1.3498 144  0.0210 139 0.96 133.7 184 867.5 84.2 NA NA 133.7 184
Spot 9 10 91 0.2 2.4586 0.0 24288 168 0.0433 168 1.00 2734 449 12512 1212 NA NA 2734 449
Spot 1 110 982 0.8 20.6584 33 0.0652 44 0.0098 2.9 0.66 62.7 1.8 64.1 2.8 119.2 78.4 62.7 1.8
Spot 2 860 4497 0.3 21.9544 2.7 0.0631 34 0.0101 2.1 0.62 64.5 1.4 62.2 2.0 NA NA 64.5 1.4
Spot 3 1449 9808 0.8 21.3347 1.9  0.0651 3.6 0.0101 3.0 0.84 64.7 1.9 64.1 2.2 42.7 46.4 64.7 1.9
Spot 4 510 58306 0.4 20.9651 1.8 0.0665 34 0.0101 2.9 0.85 64.9 1.8 65.4 2.1 84.3 41.9 64.9 1.8
Spot 5 855 18776 0.2 19.2514 1.4 0.0728 2.5 0.0102 2.0 0.83 65.2 1.3 71.3 1.7 283.0 314 65.2 1.3
Spot 6 432 6605 0.7 21.5494 1.6 0.0651 3.9 00102 35 0.92 65.3 2.3 64.1 2.4 18.7 373 65.3 2.3
Spot 7 290 1035 0.9 29.2626 2.7 0.0483 3.7 0.0103 2.6 0.70 65.8 1.7 47.9 1.8 NA NA 65.8 1.7
Spot 8 1387 18726 0.7 21.5251 1.2 0.0657 2.7 0.0103 2.4 0.89 65.8 1.6 64.6 1.7 214 29.5 65.8 1.6
Spot 9 778 10764 0.3 20.7889 1.6 0.0681 3.6 00103 3.2 0.89 65.9 2.1 66.9 2.4 104.3 39.0 65.9 2.1
Spot 10 156 807 0.6 32.0406 52 0.0445 6.1 0.0103 3.1 0.52 66.3 2.1 442 2.6 NA NA 66.3 2.1
B6 Spot 11 67 3415 0.7 21.9696 44 0.0649 50  0.0103 2.4 0.49 66.3 1.6 63.8 3.1 NA NA 66.3 1.6
Spot 12 751 5545 0.3 21.9157 2.5 0.0653 3.7 00104 2.7 0.73 66.6 1.8 64.2 2.3 NA NA 66.6 1.8
Spot 13 1942 11808 0.7 21.6949 1.2 0.0661 2.6 0.0104 2.3 0.89 66.7 1.5 65.0 1.6 2.5 28.6 66.7 1.5
Spot 14 751 43137 0.1 16.8216 2.7 0.0854 3.6 00104 2.4 0.66 66.8 1.6 83.2 2.9 583.5 59.3 66.8 1.6
Spot 15 953 2283 0.3 15.3083 52 0.0941 5.8 0.0105 2.5 0.43 67.0 1.6 91.3 5.0 7848  109.6 67.0 1.6
Spot 16 340 4680 0.8 22.1239 23 0.0652 44 0.0105 3.8 0.86 67.1 2.5 64.1 2.8 NA NA 67.1 2.5
Spot 17 131 1664 0.5 25.0384 44 0.0576 5.1 0.0105 2.4 0.48 67.2 1.6 56.9 2.8 NA NA 67.2 1.6
Spot 18 845 19864 0.3 20.9188 1.3 0.0692 2.7 0.0105 2.3 0.88 67.4 1.6 68.0 1.7 89.6 30.3 67.4 1.6
Spot 19 455 6933 0.9 21.7500 2.0  0.0667 3.1 0.0105 2.4 0.77 67.5 1.6 65.6 2.0 NA NA 67.5 1.6
Spot 20 620 37256 0.4 21.0535 1.5 0.0691 3.0  0.0106 2.6 0.87 67.7 1.8 67.8 2.0 74.3 35.5 67.7 1.8
Spot 21 384 5838 0.5 21.2891 3.1 0.0688 43 0.0106 3.0 0.69 68.1 2.0 67.5 2.8 47.8 75.0 68.1 2.0
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Isotope ratios

Apparent ages (Ma)

contd.

U 200pp/  U/Th 206ppy*/ + 207ph*/ + 206ph*/ + error  2°Pb*/ + 207ph*/ + 206phy*/ + Best age +

Samples (ppm) 204pp 207pp* (%) 25y (%) 28U (%)  corr. 28y* (Ma) 25y (Ma)  27pb* (Ma) (Ma) (Ma)
Spot 22 157 4748 0.6 19.9799 35 0.0733 4.3 0.0106 2.5 0.58 68.1 1.7 71.8 3.0 197.3 81.8 68.1 1.7

Spot 23 108 10342 0.7 21.0300 3.0 0.0702 4.4 0.0107 32 0.73 68.6 22 68.9 2.9 77.0 71.5 68.6 22

Spot 24 149 2625 0.7 20.0844 3.1 0.0747 4.5 0.0109 33 0.73 69.8 2.3 73.2 32 185.2 71.7 69.8 2.3

Spot 25 191 39520 0.5 20.4333 2.3 0.0736 3.6 0.0109 2.8 0.77 69.9 1.9 72.1 2.5 144.9 53.6 69.9 1.9

Spot 26 75 8009 0.8 20.6393 3.6 0.0744 4.6 0.0111 2.8 0.61 71.4 2.0 72.9 32 121.3 85.8 71.4 2.0

Spot 1 478 2425 1.6 19.7524 22 0.0715 33 0.0103 2.5 0.75 65.8 1.6 70.2 22 2239 50.3 65.8 1.6

Spot 2 200 2738 1.2 22.9707 34 0.0626 4.1 0.0104 2.3 0.57 66.9 1.5 61.7 2.4 NA NA 66.9 1.5

Spot 3 204 1482 1.2 25.9087 6.7 0.0555 7.2 0.0104 2.6 0.36 67.0 1.8 54.9 39 NA NA 67.0 1.8

Spot 4 266 3905 1.0 18.2000 4.5 0.0799 52 0.0106 2.5 0.49 67.7 1.7 78.1 39 410.0 100.7 67.7 1.7

R7 Spot 5 147 1053 1.2 26.7768 11.2 0.0551 11.5 0.0107 2.6 0.23 68.7 1.8 54.5 6.1 NA NA 68.7 1.8
Spot 6 248 29678 1.2 19.4410 2.0 0.0761 3.6 0.0107 2.9 0.82 68.8 2.0 74.4 2.6 260.5 47.0 68.8 2.0

Spot 7 227 2294 1.2 16.7016 4.9 0.0890 5.6 0.0108 2.6 0.47 69.2 1.8 86.6 4.6 599.0 106.4 69.2 1.8

Spot 8 258 6654 1.0 21.1696 2.4 0.0705 3.8 0.0108 3.0 0.78 69.4 2.1 69.1 2.5 61.3 56.4 69.4 2.1

Spot 9 360 2850 1.0 13.2543 7.4 0.1134 8.0 0.0109 3.0 0.38 69.9 2.1 109.1 8.3 1080.5 148.8 69.9 2.1

Spot 10 163 26657 1.1 12.3262 8.7 0.1236 9.2 0.0111 2.9 0.32 70.9 2.1 118.4 10.3 1224.5 171.7 70.9 2.1

L XN LN e

e
whnNPEo

-
»

1. Analyses with >10% uncertainty (1-sigma) in 206Pb/238U age are not included.
Analyses with >10% uncertainty (1-sigma) in 206Pb/207Pb age are not included, unless 206Pb/238U age is <400 Ma.

Best age is determined from 206Pb/238U age for analyses with 206Pb/238U age <900 Ma and from 206Pb/207Pb age for analyses with 206Pb/238Uage >900 Ma.
Concordance is based on 206Pb/238U age / 206Pb/207Pb age. Value is not reported for 206Pb/238U ages <400 Ma because of large uncertainty in 206Pb/207Pb age.

Analyses with 206Pb/238U age >400 Ma and with >20% discordance (<80% concordance) are not included.

Analyses with 206Pb/238U age >400 Ma and with >5% reverse discordance (<105% concordance) are not included.
All uncertainties are reported at the 1-sigma level, and include only measurement errors.

Systematic errors are as follows (at 2-sigma level): [sample 1: xxx% (206Pb/238U) & xxx% (206Pb/207Pb)] These values are reported on cells Ul and W1 of E2agecalc.

Analyses conducted by LA-ICPMS, as described by Gehrels et al. (2008) and Gehrels and Pecha (2014).
U concentration and U/Th are calibrated relative to FC-1 zircon standard and are accurate to ~20%.

Common Pb correction is from measured 204Pb with common Pb composition interpreted from Stacey and Kramers (1975).
Common Pb composition assigned uncertainties of 1.5 for 206Pb/204Pb, 0.3 for 207Pb/204Pb, and 2.0 for 208Pb/204Pb.

U/Pb and 206Pb/207Pb fractionation is calibrated relative to fragments of large Sri Lanka zircons and individual crystals of FC-1, and R33.
U decay constants and composition as follows: 238U = 9.8485 x 10-10, 235U = 1.55125 x 10-10, 238U/235U = 137.88.
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Table 11: U-Pb zircon data of samples A7 (Alech) and B6 (Barda) determined using CA-ID-TIMS

Composition ____ Isotopic Ratios Dates (Ma) *

Pb. PbY mass Th/ “po *Fpbl  “Pb/ “'Pb/ Corr. TPy “pb/  +20 “pbt 3206 'PH 320
Fraction (pg)a Pb.b U(ng) Uc “4pp§ *™Pbt Ut #20% Ut 20% coef. ““Pbt 20 % Ut abs **Ue abs ““Pbe abs % disc
AT zircon

z1 0.26 90 1.9 1.04 4712 0.331 0.0102408 0.055 0.06695 0.30 0.381 0.04744 0.28 65.749 0.038 6580 0.19 70.3 6.8 6.6
z2 0.26 102 20 148 4824 0.470 0.0102404 0.055 0.06708 0.30 0.306 0.04753 0.28 65.729 0.041 6592 0.19 74 .8 6.7 12.2
z3 028 16 034 151 783 0.481 0.010247 0.14 00679 1.7 0.338 0.04806 1.6 65.772 0.093 66.7 1.1 101 39 35.1
z4 0.23 33 0.57 1.50 1568 0.477 0.0102456 0.090 0.06748 0.88 0.316 0.04779 0.86 65.762 0.062 66.31 0.57 88 20 253
z5 030 28 067 110 1431 0.349 0.0102386 0.086 0.06731 0.92 0.333 0.04770 0.89 65732 0.058  66.14 0.59 83 21 21.2
26 033 32 0.80 1.36 1572 0.434 0.0102448 0.087 0.06706 0.87 0.347 0.04749 0.84 65762 0.060 6590 0.55 73 20 10.0
27 035 41 1.1 137 2009 0.436 0.0102480 0.070 0.06721 0.66 0.341 0.04758 0.64 65782 0.050 66.04 0.42 78 15 15.3
B6 zircon
z1 027 80 1.7 1.14 4068 0.364 0.0102365 0.073  0.06698 0.40 0.481 0.04747 0.37 65717 0.050 6583 0.26 721 89 8.9
z2 0.27 190 4.2 1.10 9768 0.351 0.0102352 0.054 0.06695 0.17 0.565 0.047462 0.14 65.711 0.038 6580 0.1 7.5 35 8.1
z3 035 101 2.1 269 3830 0.856 0.0102447 0.055 0.06713 0.35 0.384 0.04755 0.34 65710 0.051 6598 0.23 758 8.0 13.3
z4 037 70 2.2 1.04 3662 0.331 0.0102395 0.059 0.06708 0.39 0.342 0.04754 0.37 65741 0.041 6593 0.25 751 88 12.6
z5 054 21 0.85 143 1020 0.457 0.010237 0.1 0.06743 1.3 0.340 0.04780 1.2 65708 0.075  66.26 0.82 88 29 255
26 045 50 1.8 1.25 2504 0.398 0.0102438 0.068 0.06703 0.54 0.347 0.04748 0.52 65760 0.048 6588 0.34 72 12 9.3
z7 0.31 42 0.85 2.25 1731 0.716 0.0102429 0.080 0.06723 0.77 0.363 0.04763 0.74 65.715 0.061 66.07 0.49 80 18 17.5
28 0.29 a7 1.6 2.88 3547 0.918 0.0102478 0.057 0.06716 0.38 0.364 0.04755 0.36 65.722 0.055 66.00 0.24 76.1 B.7 13.6

a Total mass of common Pb.

b Ratio of radiogenic Pb (including ““Pb) to common Pb.
¢ Th contents calculated from radiogenic “Pb and “° Thcorrected ““Pb/**U date of the sample, assuming concordance between U-Pb Th-Pb systems.

§ Measured ratio comrected for fractionation and spike contribution only.

1 Measured ratios correcled for fractionation (a = 0.18 £0.02 %/amu), tracer (ET-535; Condon et al.,, 2015), and the MIT laboratory blank composition.

t Comected for initial Th/U disequilibrium using radioge nic “°*Pb and Th/U[magma) = 2.8.
* Isotopic dates calculated using A238 = 1.55125E-10 (Jaffey et al. 1971) and A235 = 9.8485E-10 (Jaffey et al. 1971).

% discordance = 100 - (100 * (*®Pb/~*U date)/ *“Pb/*™Pb date))
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Table 12: Lu-Hf isotope data of zircons from seven acid volcanic rocks from four complexes within the DT determined by LA-ICP-MS.

sample Wipes” W TweTHe o wan e TRGEE G SOS wn 8
164.2 2.4 0.282672 0.000049 0.009851 0.282660 -4.0 1.7 -3.0 64
162.6 2.0 0.282815 0.000041 0.006642 0.282807 1.1 1.4 2.2 65
99.3 2.1 0.282879 0.000032 0.004122 0.282874 33 1.1 4.6 65
196.0 1.6 0.282877 0.000048 0.008017 0.282867 33 1.7 4.4 65
BS 152.7 1.8 0.282932 0.000053 0.006824 0.282924 5.2 1.9 6.4 67
179.0 2.0 0.282900 0.000041 0.007779 0.282890 4.1 1.4 5.2 67
56.4 2.5 0.282926 0.000023 0.002874 0.282923 5.0 0.8 6.4 67
128.7 2.1 0.282899 0.000040 0.005696 0.282891 4.0 1.4 5.3 68
117.1 2.3 0.282821 0.000030 0.005716 0.282813 1.3 1.1 2.5 68
184.3 2.1 0.282827 0.000058 0.009558 0.282812 1.5 2.1 2.9 86
18.4 1.6 0.282254 0.000031 0.001051 0.282253 -18.8 1.1 -17.4 64
28.5 1.7 0.282365 0.000027 0.001410 0.282363 -14.9 1.0 -13.5 64
31.9 2.0 0.282334 0.000022 0.001862 0.282332 -15.9 0.8 -14.6 65
PM4 . 24 41.7 2.7 0.282302 0.000025 0.002812 0.282298 -17.1 0.9 -15.7 66
27.8 2.0 0.282246 0.000026 0.001518 0.282244 -19.0 0.9 -17.6 67
75.9 2.8 0.282309 0.000027 0.005138 0.282303 -16.8 1.0 -15.5 69
16.8 2.7 0.282316 0.000025 0.000936 0.282315 -16.6 0.9 -15.1 70
38.0 1.8 0.282377 0.000027 0.002563 0.282372 -14.4 1.0 -12.7 84
25.0 2.6 0.282795 0.000022 0.001310 0.282794 0.4 0.8 1.7 63
B6 218.8 2.2 0.283020 0.000048 0.009459 0.283009 8.3 1.7 9.4 65
64.9 2.8 0.282787 0.000019 0.002922 0.282783 0.1 0.7 1.4 65
71.3 2.2 0.282891 0.000027 0.003640 0.282887 3.8 1.0 5.0 65
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contd.

Sample (17633};% I(Z;)ISU) / VI(_)IlftS S/ TTHE +(10) 1761 w/\THE ]76H(f;1)77Hf E:(})I)f SH(t‘l((u))):i: enr (T) (AN[g:)

47.0 2.5 0.282939 0.000029 0.002476 0.282935 5.4 1.0 6.8 66

175.5 2.9 0.282796 0.000041 0.007909 0.282786 0.4 1.5 1.5 67

439.0 2.6 0.283056 0.000077 0.022999 0.283027 9.6 2.7 10.0 67

143.1 2.5 0.282840 0.000032 0.006848 0.282831 1.9 1.1 3.1 67

140.6 1.3 0.282900 0.000043 0.007719 0.282890 4.1 1.5 52 68

106.3 2.7 0.282974 0.000037 0.004440 0.282969 6.7 1.3 8.0 68

26.1 2.6 0.282893 0.000019 0.001357 0.282891 3.8 0.7 5.3 68

63.5 2.5 0.282834 0.000029 0.003229 0.282830 1.7 1.0 3.0 65

199.2 2.5 0.282882 0.000032 0.009108 0.282870 34 1.1 4.5 66

86.6 2.6 0.282968 0.000035 0.004029 0.282963 6.5 1.2 7.7 66

261.1 2.4 0.282867 0.000058 0.010582 0.282853 2.9 2.0 3.9 67

B 221.9 2.7 0.282851 0.000045 0.010092 0.282839 2.3 1.6 34 67
93.8 2.4 0.282934 0.000032 0.004342 0.282929 5.3 1.1 6.6 67

246.7 2.2 0.282904 0.000057 0.010843 0.282891 4.2 2.0 52 67

162.6 2.6 0.283046 0.000045 0.007996 0.283036 9.2 1.6 10.4 68

444.6 2.2 0.283138 0.000114 0.023237 0.283109 12.5 4.0 13.0 68

135.5 1.8 0.282922 0.000048 0.006610 0.282912 4.8 1.7 6.3 80

16.2 2.0 0.282777 0.000034 0.000796 0.282776 -0.3 1.2 1.1 64

17.0 2.2 0.282559 0.000022 0.001057 0.282558 -8.0 0.8 -6.6 65

GS 13.9 1.9 0.282396 0.000023 0.000741 0.282395 -13.7 0.8 -12.3 66
20.6 2.1 0.282689 0.000026 0.000957 0.282687 -3.4 0.9 -2.0 66

12.3 2.0 0.282274 0.000029 0.000747 0.282273 -18.1 1.0 -16.6 66

12.8 2.0 0.282532 0.000024 0.000729 0.282531 -8.9 0.8 -1.5 67
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contd.

Sample (17633};% I(Z;)ISU) / VI(_)IlftS S/ TTHE +(10) 1761 w/\THE ]76H(f;1)77Hf %EI(;I)f SH(t‘l((u))):i: enr (T) (AN[g:)
19.7 1.8 0.282767 0.000031 0.001030 0.282765 -0.7 1.1 0.8 69
16.3 1.8 0.282350 0.000035 0.000860 0.282349 -15.4 1.2 -13.8 71
11.8 2.0 0.282073 0.000031 0.000611 0.282072 -25.2 1.1 -23.3 88
19.7 2.1 0.282783 0.000022 0.000935 0.282782 -0.1 0.8 14 66
18.0 2.0 0.282497 0.000024 0.000951 0.282496 -10.2 0.9 -8.7 66
a9 40.2 1.7 0.282772 0.000039 0.001760 0.282770 -0.5 14 0.9 67
24.2 1.5 0.282712 0.000033 0.001271 0.282710 -2.6 1.2 -1.2 67
15.9 2.4 0.282618 0.000028 0.000817 0.282617 -5.9 1.0 -4.4 67
18.2 2.1 0.282536 0.000018 0.000955 0.282535 -8.8 0.6 -7.3 68
18.1 2.1 0.282096 0.000035 0.001185 0.282094 -24.4 1.2 -22.9 67
22.8 2.3 0.282203 0.000026 0.001583 0.282201 -20.6 0.9 -19.2 67
20.4 2.3 0.282111 0.000021 0.001096 0.282109 -23.8 0.7 -22.4 68
R7 14.8 2.2 0.281975 0.000023 0.000749 0.281974 -28.6 0.8 -27.2 69
20.8 2.2 0.282054 0.000023 0.001128 0.282053 -25.8 0.8 -24.4 69
27.2 2.1 0.282141 0.000028 0.001333 0.282139 -22.8 1.0 21.3 70
14.7 2.4 0.281996 0.000019 0.000756 0.281995 -27.9 0.7 -26.4 71

156



Table 13: Lu-Hf isotope data of zircons from samples A7 (Alech) and B6 (Barda) determined using Solution-MC-ICP-MS

Sample Fraction 1TOLETTHE (¢ +2s int.(1)t2s tot. ﬁ) 176 T HE () Age (Ma)  176pe177 ¢+« £25 (1) eHf (t) +2s Total Hf (V)
B6 z1 0.282871 7 +11 0.0037 65.7 0.282867 11 4.34 10.39 17.9
B6 z2 0.282871 7 +10 0.0057 65.7 0.282864 10 4.26 +0.37 23.2
B6 z3 0.282869 15 +10 0.0048 65.7 0.282863 10 4.22 1#0.35 211
B6 z4 0.282880 +6 +10 0.0055 65.7 0.282873 10 4.57 0.37 12.6
B6 z5 0.282865 +7 +11 0.0026 65.7 0.282862 +11 4.19 %0.39 13.8
B6 z6 0.282890 +9 +12 0.0075 65.7 0.282881 12 4.84 +0.44 7.9
B6 z7 0.282880 +8 +11 0.0049 65.7 0.282875 11 4.62 +0.40 12.0
B6 z8 0.282867 +7 +11 0.0070 65.7 0.282858 +11 4.06 +0.39 16.7

B6 Weighted Mean  0.282867 4.37
n=8 *20 0.000004 0.14
MSWD 1.7
A7 z1 0.282896 +13 +15 0.0101 65.7 0.282884 15 4.94 +0.54 6.1
A7 z2 0.282908 +11 +14 0.0083 65.7 0.282897 14 5.43 +0.50 4.7
A7 z3 0.282921 21 123 0.0023 65.7 0.282918 23 6.17 +0.81 26
A7 z4¢ 0.283027 +33 +34 0.0134 65.7 0.283011 +34 9.45 +1.21 1.0
A7 z5¢ 0.282939 124 25 0.0089 65.7 0.282928 +25 6.52 +0.89 1.8
A7 z6 0.282893 +11 +14 0.0044 65.7 0.282887 14 5.08 #0.50 4.5
A7 z7 0.282904 +12 15 0.0083 65.7 0.282894 +15 5.31 +0.52 3.1
A7 Weighted Mean  0.282893 5.29
n=5 *20 0.000007 0.25
MSWD 1.9

* Modem "6 Hf/'""Hf measured by MC-ICP-MS on purified Hf aliquots. See supplementary file with analytical methods for details

1 Intemal uncertainties (2 SE) estimated for each individual run based on counting statistics

§ Total analysis uncertainty (2 SE) estimated from the propagation of individual internal uncertainties and 2 SD extemal reproducibility of
bracketing 25 ppb JMC-4 75 Ht standards used tor comection. See supplementary tile with analytical methods tor detalls

# Compositions estimated from elemental Lu/Hf ratios measured on ‘trace element' aliquots and assuming ' °Lu/'"5Lu = 0.02655
from Vervoort etal. (20U4). See supplementary file with analytical methods tor detalls

** Initial '"5Hf/"" Hf ratios comected for radiogenic ingrowth using the calculated '"6Lu/'""Hf composition and U-Pb date of each zircon and the

decay constant of Soderund et al. (2004); A1176Lu = 1.867x10-11 a-1

11 Uncertainty on the initial 81/ TTHf ratio assumed as the total uncertainty of the modem 78 Hf/' "THf ratio. No uncertainties on the estimatec

18 u/"""Hf or A176Lu were propagated

1 Fractions not considered towards weighted mean calculations due to low total Hf beam (i.e., <2 V)
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Table 14: Major oxides of whole rock samples and their crystallization temperatures from Rhyolite-MELTS and olivine liquidus temperatures from PRIMELT3 at 2kbar.

Olivine liquidus

. . Total Sum of all Crystallization temp. temp. from Mantle
Samples Rock Type Si02  TiO2 ALO; Fes0s FeOs FeO MnO MgO CaO NaO K.O P20s oxides LOI from I%hyohte- PRIMELT3 (°C) Potennoal Temp.
MELTS (°C) at 2kbar oo C)
R3 thyolite 7142 020 13.02 2.56 026 231 001 006 039 360 501 0.8 96.34 3.66 863
A8 thyolite 7125 035 1423 1.57 016 142 001 002 0.8 473 494 0.8 97.35 2.65 884
P8 thyolite 7186 026 1230 3.05 030 274 008 001 071 365 504 0.08 97.03 2.97 893
Al granophyre 7243 028  11.98 3.08 031 277 005 00l 074 365 401 0.17 96.40 3.60 903
G10 granophyre  73.63  0.18  11.89 2.24 022 200 003 002 070 225 539 0.8 96.40 3.60 916
P6 thyolite 7029 034 13.06 3.59 036 323 008 004 060 387 508 0.8 97.05 2.95 926
Pl thyolite 5993 056 11.95 5.37 054 483 010 001 743 296 459 0.13 93.04 6.96 926
PH24 dolerite 70.16 036  13.46 3.53 035 318 005 019 068 330 58 0.8 97.65 2.35 945
B6 granophyre 7129 037  11.83 4.95 050 446 0.0 007 156 444 3.63 0.8 98.31 1.69 953
A6 granophyre ~ 73.52 030  12.61 4.73 047 426 008 003 18 276 452 0.8 100.45 -0.45 963
B2 granophyre 7335 028  12.14 3.42 034 308 005 0.3 034 428 431 0.8 98.39 1.61 965
G9 diorite 7597 015 1199 1.99 020 179 003 004 035 253 546 0.8 98.58 1.42 967
PH47 granophyre  77.12  0.09  11.17 1.64 016 147 002 008 054 290 462 0.3 98.22 1.78 978
G8 diorite 6943 069 12.13 5.56 056 500 008 067 203 279 371 0.3 97.21 2.79 989
Gl granophyre  70.86  0.60  12.20 4.93 049 444 007 056 166 274 435 0.12 98.09 1.91 995
RS thyolite 6895 041  13.01 4.04 040 363 004 022 037 119 839 0.8 96.71 3.29 997
ol thyolite 7159 0.19  12.88 2.48 025 223 002 00l 050 213 731 0.8 97.20 2.80 1009
BS granodiorite 7121 057  12.19 5.85 058 526 012 001 157 426 3.61 0.8 99.46 0.54 1010
PH46 augen gneiss  65.83  0.69  14.08 6.22 062 559 012 094 243 359 463 020 98.72 1.28 1044
B4 granodiorite  62.02 090  11.99 12.67 127 1140 018 017 251 412 282 0.17 97.55 245 1066
RS basalt 4387 163 1118 11.81 118 1063 015 3.02 664 213 054 017 81.14 18.86 1090 1139
P3 basalt 4805 277 1595 12.27 123 1105 019 389 858 305 1.69 041 96.86 3.14 1101 1139
PH49 tinguaite 5241 256 13.96 13.93 139 1253 018 464 889 194 115 027 99.93 0.07 1113 1157
B3 basalt 46.74 135 1415 13.31 133 1197 019 637 871 3.00 014 025 94.20 5.80 1186 1216
05 basalt 4836 152 1491 13.24 132 1192 019  7.02 986 239 090 0.25 98.63 1.37 1189 1226
G7 “Zggg}i:e 4837 043 1523 7.59 076 683 0.2 1031 1658 121 008 002 99.93 0.07 1217 1313
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contd.

Crystallization Olivine
Total Sum of all I;Zm from liquidus temp. Mantle
Samples Rock Type SiO2  TiO2 ALO; Fe:03  FeO MnO MgO Ca0O NaO KO P20s . LOI P- from Potential
Fe20s oxides Rhyolite-MELTS o
(C) at 2kbar PRIMELT3 Temp. (°C)
(°C) at 2kbar

PH45 basalt 4830 037  11.93 10.41 1.04 937 017 1470 1379 100 023 0.8 100.99 0.9 1345 1454
Gll basalt 4860 081 17.12 9.46 095 851 0.4 713 1086 248 031 0.1 97.03 2.97 1390 1492
G3 basalt 4972 183 17.65 9.20 092 828 0.5 373 819 391 314 044 97.96 2.04 1443 1519
G2 basalt 50.76 098  17.42 10.07 1.0l 906 016 566 1227 252 015 0.3 100.13 0.13 1462 1523
PH50 “Zggg}i:e 4934 123 1832 9.58 096 863 015 368 985 304 193 032 97.45 2.55 1464 1584
P5 dolerite 46.02 241  11.88 12.32 123 1108 017 1251 941 179 078 027 97.56 2.44 1474 1612
P4 trap 4572 240  12.98 13.23 132 1191 017  7.63 1233 184 055 026 97.12 2.88 1480 1624
A2 basalt 49.18 092  16.51 11.51 115 1036 018 626 1198 217 028 022 99.21 0.79 1483 1440
R4 dolerite 4903 1.15 1577 11.09 111 998 0.1420 550 980 216 082 0.13 95.57 4.43 1514 1660
PH4 basalt 4670 182 1592 13.46 135 1211 022 398 907 403 257 081 98.58 1.42 1519 1628

a. FeO is estimated as 90% of total Fe,Os.
b. H»O estimated based on LOI (Loss on Ignition).
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Table 15: Sm-Nd and Rb-Sr systematics of acidic rocks and associated basalts of the five complexes within DT.

Samples Rock Type Rb (ppm)  Sr(ppm)  ¥Rb/*Sr :;:;;tf; 87iSIfi/::aSlr- Sm (ppm)  Nd (ppm) 47Sm/"**Nd 1;311:;/;11}1 ”ﬁjﬁ/::?fd- ENd 61211\5121 at
Al granophyre 109.5 58.6 5.27 0.712549 0.707609 9.1 42.2 0.14 0.512470 0.512411 -1.4
A2 basalt 5.2 184.0 0.08 0.710595 0.707934 2.4 9.1 0.16 0.512380 0.512310 34
A3 felsite 69.4 69.0 2.84 0.714023 0.711361 8.4 40.0 0.51 0.512440 0.512008 9.3
A4 breccia 7.8 5.6 3.9 0.711035 0.707353 6.6 1.5 2.84 0.512440 0.511216 -24.7
A5 rhyolite 29.1 19.6 4.18 0.712227 0.708304 4.2 19.2 0.14 0.511780 0.511720 -14.9
A7 granophyre 126.9 26.6 13.4 0.718175 0.705570 9.3 43.0 0.14 0.512600 0.512541 1.1
B2 granophyre 141.2 48.0 8.3 0.714752 0.706969 11.6 53.5 0.14 0.512474 0.512381 -2.0
B3 basalt 4.6 570.2 0.02 0.709990 0.709969 3.0 11.7 0.16 0.512580 0.512510 0.5
B4 granodiorite 81.8 134.0 1.72 0.708136 0.706521 8.2 359 0.14 0.512050 0.511988 -9.7
B5 granophyre 110.8 95.6 3.27 0.748725 0.745658 11.4 48.5 0.15 0.512200 0.512136 -6.8
B6 granophyre 102.5 73.2 3.9 0.710094 0.706392 10.4 47.0 0.14 0.512440 0.512380 -2.0
Gl granophyre 136.0 34.0 11.29 0.737759 0.727167 6.2 31.3 0.12 0.512520 0.512466 2.4
G10 rhyolite 291.6 40.9 20.09 0.748835 0.729991 1.6 5.6 0.17 0.512440 0.512364 2.4
Gl11 basalt 4.0 221.0 0.05 0.708723 0.708675 2.5 9.0 0.18 0.512440 0.512008 -2.3
G2 diorite 4.2 220.6 0.05 0.704844 0.704793 5.0 28.1 0.11 0.512428 0.512352 -2.6
G3 dolerite 71.1 555.1 0.36 0.707599 0.707260 3.4 22.7 0.09 0.511630 0.511198 -25.1
G4 neph. Syenite 310.3 13.3 65.65 0.764012 0.702439 0.6 1.6 0.25 0.512000 0.511450 -20.2
G6 neph. Syenite 359.5 751.4 1.3 0.708827 0.707562 13.8 82.7 0.11 0.512060 0.511981 -9.8
G8 Granophyre 160.7 114.9 3.94 0.705959 0.705418 4.2 18.6 0.14 0.511487 0.511426 -20.6

PH46 granophyre 194.9 165.8 3.32 0.750322 0.747211 6.2 28.8 0.14 0.511085 0.510653 -35.7
PH49 basalt 334 355.9 0.26 0.712621 0.712373 12.0 48.9 0.15 0.512279 0.511847 -12.4
PHS50 tinguaite 35.7 327.9 0.31 0.718706 0.718418 11.99 48.88 0.15 0.511635 0.511203 -25.0
R1 basalt 206.9 68.7 8.49 0.733840 0.725874 8.5 443 0.12 0.512171 0.511739 -14.5
R3 rhyolite 166.4 242 19.36 0.727140 0.708982 18.3 116.6 0.10 0.510712 0.510678 -35.2
R7 trachyte 130.1 300.4 1.2 0.762078 0.760932 135.0 23.4 3.63 0.511111 0.511077 -27.4

a. The reported 3’Sr/*Sr isotope ratios given herein correspond to average SRM 987 Sr standard measured during analysis of 0.710291 with

.000005 error.

b. The reported '**Nd/***Nd isotope ratios given herein correspond to measured average La Jolla Nd standard of 0.511880 with 0.000006 error.

160



BIOGRAPHY

Puloma Chakrabarty was born and brought up in the city of Kolkata, West Bengal, India.
She graduated from Presidency College (presently Presidency University), Kolkata with a
Bachelor of Science in Geology with Physics and Mathematics in 2009. In 2012, she graduated
with Masters in Science and Technology in Applied Geology from Indian School of Mines,
Dhanbad (presently Indian Institute of Technology, Dhanbad), India. She was the Vice-President
of SEG ISM Chapter.

After receiving her Masters, she started working with an Australian company, HDR|Salva
where she was involved in exploration, resource estimation and recovery of lithium in pegmatites
in Liden, Sweden. She later joined Geovale Services Pvt. Ltd and worked in exploration of Fe, Au
and Cu before she joined the PhD program.

In Fall 2014, Puloma was admitted to the Department of Earth and Environmental Sciences
at the University of Texas at Arlington, Texas for her PhD in Isotope Geochemistry. Puloma has
been a member of GSA, AGU and GS. She is the Treasurer of the AAPG Section in the EES
Department at UT Arlington. She has presented papers in national and international meetings,
including, AGU, GSA and Goldschmidt. She has 8 conference proceedings and 1 co-authored

publication in Micropaleontology journal. She has 4 on-going manuscripts in preparation.

Puloma aims to be a professional in the industry upon finishing her PhD. She calls herself a “sassy

geochemist with a penchant for trying new methods to achieve her goals”.

Puloma Chakrabarty
May, 2019

161



