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ABSTRACT

Ediacaran depositional age and subsequent fluid-rock interactions in the Mutual and
Browns Hole formations of northern Utah
by
Ashley W. Provow, Master of Science

Utah State University, 2019

Major Professor: Dr. Dennis L. Newell
Department: Geology

Constraining the depositional age of Neoproterozoic stratigraphy in western North
America has implications for correlating global glaciation and tectonic events. The
depositional ages of the Neoproterozoic Mutual and Browns Hole formations of northern
Utah are uncertain, constrained by two conflicting datapoints. However, new U-Pb
geochronological data from 95 detrital apatite grains refines the maximum depositional
age of the volcanic member of the Browns Hole Formation to 613 = 12 Ma (2c). This
places new restrictions on the time available for the deposition of underlying units. Due
to debate regarding the age models for underlying stratigraphy, two scenarios are
explored that result in sediment accumulation rates of ~38 mm/kyr or ~64 mm/kyr. These
results highlight a need for further exploring regional unconformities.

Evidence for several post-depositional diagenetic events are observed in the
Mutual and Browns Hole formations. Cross-cutting relationships identified via
petrography, scanning electron microscopy, and electron microprobe analysis show at

least seven diagenetic events: (1) early grain-rimming hematite cement, (2) quartz



iii
overgrowth and cement development, (3) feldspar dissolution, (4) phosphate dissolution,
(5) partial quartz dissolution, (6) authigenic mineral precipitation including clays,
sericite, monazite, and apatite cement, and (7) later hematite cementation. Constraining
the timing of these events is challenging due to a paucity of datable material. Using basic
geochemical modeling in PHREEQC and consideration of expected mineral formation
conditions, a paragenetic sequence is placed into context of the known geologic history.
Early hematite and development of quartz overgrowths and cements are coincident with
early burial diagenesis soon after deposition. Feldspar dissolution and hydrolysis to clays
and sericite is protracted through most of the burial history and likely escalate during
pulses of saline fluid infiltration corresponding with formation of the Oquirrh basin.
Saline fluids also dissolve and alter detrital phosphates, like monazite and apatite.
Continued feldspar dissolution and burial heating create conditions favorable to partial
quartz dissolution. Lastly, cooling via exhumation during the Sevier-Laramide Orogenies
and growth of the Wasatch Anticlinorium allow authigenic minerals, including clays,

monazite, and apatite and hematite cements, to precipitate from solution.

(94 pages)
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PUBLIC ABSTRACT

Ediacaran depositional age and subsequent fluid-rock interactions in the
Mutual and Browns Hole formations of northern Utah

Ashley W. Provow

Constraining the depositional age of Neoproterozoic stratigraphy in western North
America has implications for correlating global glaciation and tectonic events. The
depositional ages of the Neoproterozoic Mutual and Browns Hole formations of northern
Utah are controlled by two conflicting datapoints. However, new U-Pb geochronological
data from 95 detrital apatite grains refines the maximum depositional age of the volcanic
member of the Browns Hole Formation to 613 + 12 Ma (20). This places new restrictions
on the time available for the deposition of underlying units. Due to debate regarding the
age models for underlying stratigraphy, two scenarios for sediment accumulation rates
are explored. These results highlight a need for further exploring regional unconformities.

Evidence for several post-depositional fluid-rock interaction events are observed
in the Mutual and Browns Hole formations. Cross-cutting relationships identified via
petrography, scanning electron microscopy, and electron microprobe analysis show at
least seven fluid mediated events: (1) early grain-rimming hematite cement, (2) quartz
overgrowth and cement development, (3) feldspar dissolution, (4) phosphate dissolution,
(5) partial quartz dissolution, (6) authigenic mineral precipitation including clays,
sericite, monazite, and apatite cement, and (7) later hematite cementation. Constraining

the timing of these events is challenging due to a limited of datable material. Using basic



geochemical modeling and consideration of expected mineral formation conditions, a

paragenetic sequence is placed into context of the known geologic history.
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INTRODUCTION

Neoproterozoic rocks record major tectonic, climatic, and biologic events in
Earth’s history, which include the timing and duration of Laurentian rifting from Rodinia,
as well as global glaciations and the proliferation of multicellular life (Hoffman et al.,
2017; Li et al., 2008). However, regional and global correlations of these events are
challenging, particularly on the western margin of Laurentia, due to a paucity of detailed
geochronology in rocks with limited datable material (e.g. Yonkee et al., 2014; Mahon et
al., 2014; Smith et al., 2015; Dehler et al., 2017). Improving the chronology of
sedimentary rocks from this time period is necessary for evaluating regional and global
stratigraphic correlations, which are the backbone for testing models for Neoproterozoic
events.

Climatic and tectonic events of the middle Neoproterozoic provided
accommodation space for the preservation of regionally expansive, thick sedimentary
packages of glacial sediments, siliciclastic rocks, and some volcanic material (Christie-
Blick and Levy, 1989; Crittenden Jr and Wallace, 1973; Li et al., 2008; Shields-Zhou,
Graham et al., 2016; Yonkee et al., 2014). The Brigham Group of southeast Idaho-
northern Utah represents a one of these sedimentary packages and is key for improving
regional correlations along the western Laurentian margin because it contains potentially
dateable volcanic material. The Brigham Group is a thick package (>3 km) of quartzite,
siltstone, conglomerate, and volcanic rocks (Fig. 1; Christie-Blick et al., 1988; Levy et
al., 1994; Yonkee et al., 2014). These units are underlain by sequences of rocks (e.g.,
diamictites and cap carbonates) assigned to global glaciations (Snowball Earth) with

temporal constraints provided by zircons from interbedded tuffs and other clastic units



(Figs. 2; 3; Fanning and Link, 2004; Balgord et al., 2013). However, new
sedimentological and geochronological data suggest that the existing age models may
require reinterpretation (Isakson, 2017; Isakson et al., in review). Additionally, some
locations of the upper Brigham Group contain a volcaniclastic unit that yields sparse
geochronology with conflicting results (Figs. 2; 3b; Crittenden Jr and Wallace, 1973;
Christie-Blick and Levy, 1989; Verdel, 2009).

Here, we target the Mutual and Browns Hole formations located near Huntsville,
UT (Figs. 1; 3b) to better understand the depositional and post-depositional history of
these units. We integrate geochronologic and geochemical data, focusing primarily on the
volcanic member of the Browns Hole Formation. Data from detrital apatite U-Pb
geochronology are used to improve the age model of the Brigham Group and explore the
implications of this new depositional age surrounding the interpretation of related
regional strata and Laurentian rifting. Additionally, field observations, thin section
microscopy, and electron microprobe analysis (EMPA) on authigenic monazite are used
to present evidence for post-depositional fluid-rock interaction and construct a relative

paragenetic sequence in the context of the known geological history.



GEOLOGIC SETTING

Laurentia, or the North American craton, was shaped by tectonic and climatic
processes throughout the Neoproterozoic. By ca. 900 Ma most known continental land
masses assembled around Laurentia (Hoffman, 1991) to form the supercontinent Rodinia
(Li et al., 2008). Break-up of Rodinia initiated ca. 870 Ma (Dalziel and Soper, 2001,
Paulsson and Andreasson, 2002; Li et al., 2003), but did not affect western Laurentia
until the Gunbarrel event at ca. 780 Ma (Harlan et al., 2003). Laurentia fully separated
from the Amazonia and Rio de la Plaza cratons (Cawood et al., 2006) and the assembling
supercontinent, Gondwanaland, by ca. 590 Ma (Fitzsimons, 2003; Meert, 2003; Boger
and Miller, 2004; Jacobs and Thomas, 2004; Collins and Pisarevsky, 2005; Cawood et
al., 2006).

At least two global glaciations (Snowball Earth) occurred during the
Neoproterozoic (Fig. 2; i.e. Rooney et al., 2014 and references within). These include the
Sturtian glaciation (~720 — 660 Ma; Hoffman and Li, 2009) and the subsequent Marinoan
glaciation (~650 — 635 Ma; Levy et al., 1994). These tectonic and glaciation events
worked in concert to create accommodation space for thick packages of Neoproterozoic

sedimentary rocks that are the focus of this study.
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Stratigraphy

Neoproterozoic sedimentary rocks preserved along the western margin of
Laurentia comprise diamictites, marine shales and carbonates, and fluvial clastic and
volcaniclastic rocks. In southeastern Idaho, the base of the Neoproterozoic section is
represented by the Scout Mountain Member of the Pocatello Formation. This unit
contains <800 m of quartz-, arkosic-, and lithic-arenites along with argillite, clast
supported conglomerates, at least two diamictites, and minor limestone and dolostone.
This grades upwards into the informal upper member of the Pocatello Formation, a >600
m thick laminated argillite with sandy beds (Dehler et al., 2011). The upper member of
the Pocatello Formation also contains a ~1 m thick pink dolostone that is in sharp contact
with the underlying diamictite (Link, 1982) and thickens southward (Figs. 2; 3a; Dehler
etal., 2011).

In northern Utah, correlative units include the Perry Canyon, Maple Canyon, and
Kelley Canyon formations. The Perry Canyon Formation contains diamictites that are
<120 m thick and directly overly Proterozoic crystalline basement. The diamictite is
overlain by the <460 m thick informal greywacke member (Sorensen and Crittenden,
1979). The Perry Canyon Formation contains a ~10 m thick pink dolostone that overlies
sandstone interpreted to be a reworked diamictite in other parts of northern Utah (Dehler
et al., 2012). The Maple Canyon and Kelley Canyon formations are correlative with the
informal upper member of the Pocatello Formation in southern Idaho. The Maple Canyon
Formation comprises <450 m of fluvial olive argillite, fine grained green arkose, and
interbedded conglomerates and quartzites. This is overlain by Kelley Canyon Formation,

~600 m of marine argillite, minor carbonates, and shales (Figs. 2; 3b; Crittenden et al.,
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1971). These units were likely deposited in a glacier-fed basin (Stewart, 1972; Link,
1982) created by the northward rifting of the South China Craton from Laurentia (Li et
al., 2003).

The Brigham Group, a mature siliciclastic sequence of fluvial, shallow marine,
and offshore marine strata, overlies the Kelly Canyon and Pocatello formations (Christie-
Blick et al., 1988; Yonkee et al., 2014). The Caddy Canyon Formation is the base of the
Brigham Group and composed of <760 m of quartzite and siltstone deposited in a
nearshore marine, braided delta, or braided fluvial system. The Inkom Formation
unconformably overlies the Caddy Canyon Formation and comprises <150 m of siltstone
deposited in a low-energy marine environment (Crittenden et al., 1971; Christie-Blick,
1982; Levy et al., 1994; Yonkee et al., 2014). The base of the Inkom Formation is
characterized by paleovalleys filled with <60 m of pebble conglomerate that cut into the
underlying Caddy Canyon Formation (Levy et al., 1994). The overlying Mutual
Formation is >360 m of pink to red fluvial and shallow marine quartzite (Figs. 2; 3;
Crittenden et al., 1971; Crittenden, 1972a; Christie-Blick, 1982; Levy et al., 1994;
Yonkee et al., 2014). In northern Utah, the Browns Hole Formation locally overlies the
Mutual Formation. This unit is informally divided into two members, the lower volcanic
member and the upper Terracotta quartzite member. The volcanic member is <140 m of
dark red to purple volcaniclastic sediments and mafic-volcanic flows. Importantly, the
presence of volcanically-derived sediment and volcanic flows provide age control for this
otherwise relatively poorly constrained sequence of the ~1400 m of sedimentary rocks
that comprises the Brigham Group (Crittenden, 1972a). The Terracotta quartzite member

is <45 m of “terracotta colored” hematite-cemented quartzite, interpreted as fluvial in



origin (Christie-Blick and Levy, 1989). The Brigham Group is capped by the ~550 m
thick Geertsen Canyon Formation, a shallow marine to fluvial, conglomeratic coarse
sandstone unit (Crittenden, 1972a). Near Huntsville, UT, the contact with the underlying
Browns Hole Formation is covered but marked by a significant influx of feldspar grains
(Figs. 2; 3b). In Idaho, the base of the Camelback Mountain Formation, correlative with
Geertsen Canyon, is marked by an approximately 60-m-deep paleovalley cut into the
Mutual Formation, which is interpreted to represent a stratigraphic sequence boundary

(Figs. 2; 3a; Christie-Blick and Levy, 1989; Levy et al., 1994; Yonkee et al., 2014).

Age Model

The lack of material for absolute age control makes constraining the age and
stratigraphic correlations within later Neoproterozoic rocks in western Laurentia
challenging. Young zircons from volcanic tuffs and volcaniclastic-rich diamictites in the
Scout Mountain Member of the Pocatello Formation (southern Idaho) yield a U-Pb age of
~710 - 660 Ma, indication that the lower diamictite correlates with Sturtian glaciation
(Figs. 2; 3a; Keeley et al., 2012; Yonkee et al., 2014; Isakson, 2017; Isakson et al., in
review). Zircons from a tuff bed in the upper Scout Mountain Member, above the upper
diamictite, yield a U-Pb date of 667 + 5 Ma. This date was interpreted as an absolute age,
suggesting that the second diamictite is also associated with Sturtian glaciation (Fanning
and Link, 2004). In Utah, correlative volcanic rocks below and within the upper
diamictite of the Perry Canyon Formation yield young detrital zircon populations with U-
Pb ages of 706 + 6 Ma and 667 + 5 Ma, respectively. These zircon age populations
suggest that this diamictite is also related to Sturtian glaciation (Figs. 2; 3b; Balgord et

al., 2013).



Immature siliciclastic package
Mature siliciclastic package
Diamictite-bearing package
Intracratonic basin package
Mesoproterozoic basin strata
Neoproterozoic carbonate
Glacial Diamictite

Volcanic rocks

[ ]
[ ]
[ ]
[ ]
[ ]
=
E
flke

Siltstone/Mudstone
Sandstone

Conglomerate

Burrows

580 Radiometric age (Ma)
<705 Maximum depositional age (Ma)
~"v~ FErosional unconformity
€g Gibbson Jack
a _{-329 Geertsen Canyon
§ €Zc Camelback Mountain
O | zb BrownsHole
_rgs Zm Mutual
2| Zi Inkom
01 Zee Caddy Canyon
_pr Papoose Creek
Zkc Kelley Canyon
Zbl Blackrock Canyon
Zmc Maple Canyon
Zpc Perry Canyon ~500 m
Pacatello Fm
Zpu upper mbr
Zps Scout Mountain Member

Figure 3. Stratigraphic columns of
important localities discussed in
text. Study area is represented by
column (B). Radiometric dates are
from (a) Keeley et al. (2013); (b)
Yonkee et al. (2014); (c) Isakson
(2017); (d) Fanning and Link
(2004); (e) Balgord et al. (2013); (f)
Crittenden and Wallace (1973) and
Christie-Blick and Levy (1989);
and (g) Verdel (2009). Stratigraphic
columns are modified from Yonkee
et al. (2014).

[A]Pocatello

€g

czck

Huntsville

€Zg|

Zb |

Zm Zm/
Zi
/ 7
/
: /
Zi | Zcc
Zcc
Zke z
Zpp L
- Zmc |
Zbl ==
Zpu ;
Zpc




10

Tying diamictites and other glacial features to the later Marinoan glaciation is
challenging due to limited datable material. However, new U-Pb zircon geochronology
from the volcanic tuff in the upper Scout Mountain Member (e.g. Fanning and Link,
2004) and the reinterpretation as a reworked unit suggests that this unit has a maximum
depositional age of <673 Ma (Isakson, 2017; Isakson et al., in review). Isakson (2017)
posits that the underlying diamictite could therefore be much younger and related to
Marinoan glaciation, instead of Sturtian glaciation as Fanning and Link (2004)
interpreted. Additionally, chemo- and lithostratigraphic characteristics of the cap-like
carbonates overlying the upper diamictites in these units, such as laminated pink
dolostone and negative 613C excursions, strongly resemble those definitively linked with
the Marinoan glaciation (Fig. 3a; Hoffmann et al., 2004; Condon et al., 2004; Dehler et
al., 2011, 2012).

Absolute age control for the Maple Canyon and Kelly Canyon formations and
Brigham Group is limited due to little volcanic material, but some interpretations have
been made based on stratigraphy. The paleovalleys at the base of the Inkom Formation
are interpreted to represent a sequence boundary related to sea level fluctuations during
Marinoan glaciation (Fig. 2; Levy et al., 1994). Existing geochronology for the Brigham
Group is restricted to the volcanic member of the Browns Hole Formation. A hornblende
from a volcanic clast in an agglomerate, located approximately 40 m above the base of
the Browns Hole - Mutual contact near Huntsville, UT, yields a bulk “°Ar/*’Ar date of
580 + 7 Ma (Crittenden Jr and Wallace, 1973; Christie-Blick and Levy, 1989). A thin
basalt flow located several meters above the agglomerate in this location yields an apatite

U-Pb date of 609 + 25 Ma (Fig. 3b; Verdel, 2009). This juxtaposition of younger dates



11

below older dates is problematic for interpreting the timing of deposition for the Browns
Hole volcaniclastics and related strata. Finally, the Cambrian-Precambrian boundary lies
within the upper member of the Geertsen Canyon, ~480 m above the contact with
underlying units, evident in presence of trace fossils Skilithus and Plagiomus (Figs. 2; 3b;

Crittenden et al., 1971; Peterson and Clark, 1974; Link et al., 1987).

Post-Deposition

After deposition, the Brigham Group and underlying strata experienced <10 km of
burial from the Cambrian to Early Cretaceous. The sedimentary wedge that comprises the
Brigham Group and the strata above and below, was exhumed during the Sevier and
Laramide orogenies (ca. 140 — 50 Ma; Yonkee and Weil, 2015). The Sevier and
Laramide orogenies were a result of the protracted accretion of microterranes and the
subsequent subduction of the Farallon oceanic plate beginning in the Jurassic and lasting
into the Paleogene (DeCelles, 2004; Yonkee and Weil, 2015). In the Early Cretaceous,
this package of rocks was displaced approximately 60 km eastward within the Paris-
Willard thrust sheet (Fig. 1; Crittenden, 1972b; Yonkee, 2005). Tilting and ongoing east-
vergent thrusting during the growth of the Wasatch anticlinorium during the Paleogene
marks the transition from the mostly shallower western thrusts of the Sevier Orogeny to
the eastern basement cored uplifts of the Laramide (Yonkee, 1992). Beginning in the
Neogene, Basin and Range extension initiated as an isostatic response to crustal
thickening after the Sevier-Laramide orogenies (Dickinson, 2002). Normal faulting along
the Wasatch Fault Zone caused by extensional processes tilted and exhumed footwalls to
finally expose Neoproterozoic sedimentary and underlying basement rocks in a range of

structural contexts (Yonkee et al., 2014).
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SAMPLES AND METHODS

We obtained 21 samples along an approximately 150 m wide and 230 m long
stratigraphic transect from the upper Mutual Formation to the base of the Geertsen
Canyon Formation in Huntsville, UT (Figs. 1; 4). Using field mapping and stratigraphic
descriptions as a framework, samples were collected in a semi-regular interval to include
a wide range of representative rock types. Thin sections for 11 of the 21 samples were
prepared with microprobe polish for petrographic and potential EMPA. Thin sections
were selected with emphasis placed on samples from key outcrops representing contacts
between units and locations that had macroscopic evidence of fluid-related alteration.

Chemical analysis of monazite [(Ce,La)PO4] using EMPA was conducted on eight
samples at the Electron Microprobe Laboratory at University of Colorado Boulder. Thin
sections were coated in Al prior to EMPA for increased conductivity, precision, and
accuracy. Quantitative analyses were completed using a JEOL JXA-8230 Superprobe
with five wavelength dispersive spectrometers (WDS) and a detection limit of ~10 ppm
or better. Whole thin section WDS maps for PKa, LalLa, YLa, and SiKa were used to
locate monazite. Four samples contained sufficient monazite for further spot EMPA on
individual grains: AP17_66MF 4, AP17 66MF 5, AP17 66MF 7, and
AP17 66MF 11. Potential grains were located using back scattered electron (BSE)
imagery and verified for composition using spot analysis with energy dispersive X-ray
spectroscopy (EDS) by allowing the counter to collect data for several seconds until
composition could be confidently determined. Concentrations of common and rare earth
elements (REE) were acquired for each grain by analyzing two to five spots per grain,

depending on grain size and texture, with a LaB6 electron gun with a beam size of 0.2 to
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0.7 um at 15 kV for up to 160 seconds per spot. The monazite consistency standard used
during analyses was the Moacyr monazite from eastern Brazil (Gongalves et al., 2016).

To provide better depositional age constraints for the volcanic member of the
Browns Hole Formation, U, Th, and Pb-bearing accessory phases were obtained from
sample AP17 66MF 9 using standard crushing, sieving, density, and magnetic
separation methods. Resulting mineral separates contained few zircons and abundant
apatite; thus, apatite mineral separates were selected for U-Pb dating. Chips of the
original sample were analyzed with the FEI Quanta FEG 650 scanning electron
microscope (SEM) at the Utah State University Microscopy Core Facility to determine
the lithological context of apatite separates. An Oxford EDS attachment was used to
make composite element maps to determine the locations of apatite grains by focusing on
locations with significant concentrations of P and Ca. Spot EDS analysis was also used to
determine if any chemical differences existed that would indicate overgrowths or
alteration rims.

Apatite U-Pb dating and cathodoluminescence (CL) imaging were completed at
the University of Arizona LaserChron Center. Approximately 250 grains were poured
and arranged on double stick tape to avoid bias that may be introduced during individual
grain selection. Grains were mounted in epoxy and polished to their approximate mid-
section and cleaned, similar to methods used for zircons (Gehrels et al., 2008). A subset
of apatite crystals was analyzed for U and Pb using a Nu Plasma high resolution multi-
collector laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS).
LA-ICP-MS was done with a Photon Machines Analyte G2 excimer laser with a spot

diameter of 30 um for 15 seconds with 8 mJ output energy and pulse frequency of 7 Hz,
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creating an ablation pit approximately 15 - 20 um deep. Following LA-ICP-MS, CL
images of apatite grains to evaluate apatite chemical zonation and locate mineral
inclusions that may have interfered with spot analyses were acquired using a Gatan
ChromaCL2 detector on a Hitachi 3400N SEM. Apatite standards used during analysis
were the McClure Mountain and Madagascar apatite (Thomson et al., 2012). Apatite U-
Pb data was corrected for common Pb using the 2°Pb/2%Pb data for 500 Ma of 17.915
(Stacey and Kramers, 1975). Final data reduction and calculations for Tera-Wasserberg
concordia were completed using Isoplot (Ludwig, 2011) and RadialPlotter software

(Vermeesch, 2009).
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Figure 4. Field map and measured stratigraphic section. (A) Field map with locations of
samples noted. Locations where section was measured are shown with white lines. (B)
(following page) Full measured section with approximate sample locations indicated. (C)
(following page) Zoom in on part of measured section where geochronological and
geochemical samples were obtained. Dates in orange are of geochronology taken from
this area: ! hornblende bulk Ar-Ar date, Crittenden Jr and Wallace (1973) and Christie-
Blick and Levy (1989); ? apatite U-Pb date, Verdel (2009); * apatite U-Pb, this study.
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RESULTS

Field Relationships

In the study area, the Mutual Formation is ~350 m (Crittenden, 1972a) of pink to
dark pink, well cemented, medium to coarse grained quartzite with local chert and
quartzite pebbles (Fig. 4). It contains thin pebbly channel fills and some crossbedding.
Pebble channel fills become thicker and more abundant towards the top of the unit but the
dominant grain size remains medium to coarse sand. Approximately one meter below the
contact with the overlying Browns Hole Formation, this unit changes from pink to a dark
purple-red that continues throughout the entire volcanic member of the Browns Hole
Formation. Other workers have not described the nature of the contact between the
Mutual and Browns Hole formations, but we have interpreted it as the location of a thin,
1 to 1.5 cm, gray-purple siltstone. This thin bed marks the change from well-cemented
quartzite to the appearance of volcaniclastic sediments (Fig. 5a).

The volcanic member of the Browns Hole Formation consists of ~83 m of
interbedded dark purple to red volcaniclastic siltstone, sandstone, and agglomerate that
overall coarsens upward. Fine-grained beds usually contain laminations that sometimes
appear convolute, indicating soft-sediment deformation (Fig. 5b). Sandstone beds locally
contain long, flat intraclasts of finer-grained material aligned approximately parallel to
bedding (Fig. 5¢). Agglomerates are composed of rounded to subrounded clasts of
primarily vesicular basalt and porphyritic andesite. Pebble- to cobble-sized clasts are
supported by a coarse sandstone matrix composed of sand-sized quartz grains and

volcanic grains of the same material as the larger volcanic clasts (Fig. 5d).
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Figure 5 Field and hand sample photographs. (A) Hand sample representing the contact
between the Mutual and Browns Hole formations. (B) Example of fine-grained convolute
bedding. (C) Example of long, flat finer grained rip up clasts. (D) Example of
agglomerate. (E) Outcrop representing the contact between the basalt and underlying
sandstone. (F) Example of epidote coated slip surface on basanite flow. (G) Example of
symmetrical ripples found on the top of some beds of the Terracotta member of the
Browns Hole Formation.
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The top of this unit is marked by a poorly-exposed basalt flow that is partially
obscured by foliage and unconsolidated material but based on the last occurrence of
basalt clasts along the hillside it is inferred to be ~10 m thick. Verdel (2009) used bulk
geochemistry and determined that it compositionally qualifies as a basanite, a silica
undersaturated basalt (Le Maitre et al., 1989), but for clarity and consistency with prior
literature we will continue to use the term basalt. The basal contact of the basalt, where
exposed, is with a coarse volcaniclastic sandstone. The contact is also characterized by
irregular quartz and zeolite (likely analcime) veins, 0.5 - 1.0 cm-thick, lined with micron-
scale specular hematite, that interfinger with the basalt and a siltstone (Fig. 5¢). The
basalt has several circular to sub circular shaped vesicular zones, no larger than ~0.33 m
in diameter, with sub-cm-scale vesicles filled with quartz, plagioclase, and specular
hematite. The remaining basalt surrounding the vesicular zones is massive with no
evidence of sedimentary features like flow banding. Locally, the basalt has veins of
epidote up to several mm-thick. Epidote up to several mm-thick is also associated with
local slip surfaces (Fig. 51).

The top of the basalt and contact between the Terracotta member and underlying
volcanic member of the Browns Hole is covered throughout the study area. Based on the
last occurrence of basalt clasts along the hillside, the overlying Terracotta member is ~50
- 60 m-thick. This unit is a coarse- to medium-grained, quartzite that is well-cemented
with silica and hematite. Sedimentary features are limited to faint crossbedding and
symmetric ripples (Fig. 5g). The Terracotta member of the Browns Hole Formation is
visually similar to the overlying Geertsen Canyon Formation and can only be

differentiated in this location by the high percentage of feldspar that is characteristic of
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the basal Geertsen Canyon Formation.

Petrography

The Mutual Formation comprises moderately sorted, subrounded to subangular
quartz grains with quartz overgrowths, rare sericitized feldspar, minor zircon, and few
lithic grains. Where feldspar grains are present, they are often porous with fine-grained
sericite filling pore spaces (Fig. 6b). Grains are variably cemented by hematite and clay
(Fig. 6a). Hematite cement occurs as dust rims along relict grain boundaries and coats
new boundaries created by quartz overgrowths (Fig. 6a-inset).

The interpreted contact between the Mutual and Browns Hole formations is a thin
(1 - 1.5 cm) light purple-gray bed of siltstone. This band comprises dominantly angular
quartz grains with pitted edges, which are lined with fibrous clay minerals (Fig. 6¢-6¢)
and tabular monazite grains (Fig. 8a). Grains are supported by a matrix of anastomosing
microcrystalline apatite (confirmed with SEM-EDS and EMPA), hematite, and lesser
fine-grained clay and sericite cement (Fig. 6d, 6e). Stratigraphically above and below this
siltstone, quartz grains are more rounded, less pitted, less frequently coated with fibrous
clay, and more densely packed with less microcrystalline apatite cement (Fig. 6¢).
Volcanic grains, generally porphyritic andesite, are a component of the siltstone contact
and contain fine-grained sericite and clay minerals that are pseudomorphic to feldspar
grains (Fig. 6f). Few intact feldspar grains are found outside of volcanic clasts and, where
present, are degraded with fine-grained sericite and clays in pore spaces (Fig. 6¢).
Accessory minerals include titanite (Fig. 6e) and barite.

Quartz, volcanic clasts, and hematite cement are the dominant constituents in the

sandstones and siltstones of the volcanic member of Browns Hole Formation (Fig. 7a).
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An ~5 m thick agglomerate bed contains a minor sandstone component and rounded
volcanic lapilli with feldspar phenocrysts (Fig. 7b). The basalt flow capping the volcanic
member of the Browns Hole Formation is locally vesicular. Most vesicles are filled with
quartz and lined with specular hematite grains, ranging from <1 - 200 um-long and 10 -
20 pum-thick, and anorthite laths <400 um-long and 100 pm-thick (Fig. 7¢). The
groundmass of the basalt is dominantly calcium plagioclase, as revealed with EDS and
WDS, with lesser amounts of augite and patches of irregular fine-grained clay and
hematite (Fig. 7d).

The overlying Terracotta member is a quartz sandstone with some hematite
cement. Quartz grains are moderately rounded with fractures that do not cross grain
boundaries. As with other parts of the section, hematite cements tend to fill larger pore
spaces, coat grain boundaries, and infiltrate fractures. Quartz overgrowths observed in
this member form crude triple junctions between grains but, unlike the Mutual Formation,
overgrowths do not preserve relict grain boundaries. Clay cement is conspicuously absent

in this member (Fig. 7e).
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Figure 6. Photomicrographs from the Mutual and Browns Hole formations. (A) Cross-
polarized (XPL) image of Mutual Formation sample AP17 66MF 4, taken from near the
contact with the Browns Hole Formation. Note the clay cements that infiltrates between
grain boundaries. Note the hematite cement pooling in larger pore spaces and lining grain
boundaries in both the main image and circular inset, plane-polarized light (PPL). Quartz
overgrowths are also present. (B) XPL image of Mutual Formation sample

AP17 79MF 21. Observe the fine-grained clays surrounding and within the feldspar
grain, likely replacing the original grain, in the center of the image. (C) XPL image of
sample AP17 66MF 5, which represents the contact between the Mutual and Browns
Hole formations. Circular insets are PPL image of the same location, used to highlight
the stippled texture of the apatite cement. Notice the pitting of quartz grains and amount
of fibrous clay increases to the right, or towards the Browns Hole Formation. Also
observe the abundant hematite cement that permeates between grains and pools in larger
pore spaces, as well as the anastomosing apatite cement. Orange circle in both images
shows the location of a partially dissolved feldspar grain that is being replaced by fine
grained clays. (D) An XPL image of the same sample showing fibrous clay minerals,
pitted quartz grains, and apatite cement in more detail. (E) Another XPL image of the
same sample showing titanite grains and abundant apatite and hematite cements. Also
regard the distinct lack of quartz grains compared the previous two images. (F) XPL
image of a volcanic clast in the same sample with fine grained clays in the shape of
feldspar laths. Q=quartz; fs=feldspar; hem=hematite cement; cl=clay cement; og=quartz
overgrowths; dust rims=hematite dust rims; ap=apatite cement; t=titanite.
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Figure 7. Photomicrographs from the Browns Hole Formation. (A) A PPL image of
sample AP17 _66MF 7, a volcaniclastic sandstone featured higher in the section. Note
the overall rounding of quartz grains where not broken. Hematite and clay cements
continue to be abundant. (B) PPL image of another volcaniclastic sandstone, sample
AP17 66MF 8. Notice the presence of rounded lapilli clasts with feldspar phenocrysts.
(C) PPL image of a quartz, feldspar, and hematite filled vesicle in sample AP17 617 17
taken from the basalt flow that caps the volcaniclastic member of the Browns Hole
Formation. (D) XPL image from the same sample showing the feldspar groundmass
being replaced by fine grained clays. Also note the presence of hematite pooling in pore
spaces where clays do not, highlighted in the PPL circular inset. (E) PPL image of sample
AP17 66MF 14 taken from the Terracotta member of the Browns Hole Formation,
above the basalt flow. Observe the lack of a volcanic component, or clay cements, but
still a significant amount of hematite cement. Note the lack of significant quartz
overgrowths, highlighted in the circular XPL inset. Quartz grains are moderately rounded
and most are heavily fractured; note that fractures do not continue across grain
boundaries and are, therefore, likely not post-depositional compaction cracks.
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Monazite

Textures

Monazite occurrence is divided into three main groups based on texture and
context: individual grains (Group 1), patchy cements (Group 2), and mineral inclusions in
other phases (Group 3; Fig. 8a-d). Group 1, or individual monazite grains, are subhedral
to euhedral and found in two of the four samples that contain monazite, AP17_66MF 4
(grains m1, m2, m3a, m3b, m5, and m6) and AP17 _66MF 5 (grains m1, m2, m6, m7).
They are generally associated with clays and are in two primary contexts: as a crust
around pitted quartz grains and as a pore filling cement (Fig. 8a, 8b). Crusts comprise
sub-micron to micron, subhedral to euhedral monazite laths with a similar texture as
adjacent calcium and potassium-rich fibrous clays (Figs. 7b; 8a; sample AP17_66MF 5
grains m2, m6, and m7). These monazites are concentrated within the thin, 1 — 1.5 cm-
thick layer of apatite- and hematite-cemented, fine-grained siltstone that marks the
contact between the Browns Hole Formation and underlying Mutual Formation.
Individual monazite grains in the pore spaces between other phases, occur as subhedral
laths but are much larger, up to 10 pm thick and 20 um long, and are associated with
hematite cements and patches of fine-grained clays (Fig. 8b; sample AP17 66MF 4
grains m1, m2, m3a, m3b, m5, and m6 and sample AP17 66MF 5 grain ml).

Group 2 patchy cement monazite appear in the pore spaces between and within
other phases in samples AP17 66MF 7 (grain m1) and AP17 66MF 11 (grains m1, m2,
m4, m5; Fig. 8c, 8d). They are anhedral and blotchy with respect to contrast in BSE
imagery. Brighter patches in BSE indicate areas with more elements that have higher

atomic numbers, whereas darker patches have more elements with lower atomic numbers.
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Patchy monazite cement is commonly associated with hematite and is observed in the
pore spaces within individual hematite grains or clusters (Fig. 8d).

Group 3 monazites are found as rounded inclusions in other phases like quartz.
Most monazite inclusions are entirely encased in quartz and have a homogeneous texture
(Fig. 8f). However, two observed monazite inclusions in sample AP17 66MF 11 (grains
m2 and m4) are located near the edges of their enclosing grains. These grains contain
bright, tabular zones in BSE confirmed to be more Th-rich (Fig. 8e).

Because grains in Group 3 are fully encased in detrital quartz and are
homogeneous with respect to texture and elemental composition, we suggest that they are
also detrital grains. Monazite inclusions with patches of brighter material in BSE that
reside along the edges of quartz are inferred to be detrital grains influenced by fluids that
remove or alter material. Likewise, individual grains of Group 1 and cements of Group 2,

that are not inclusions in other phases are likely authigenic.
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Figure 8. BSE images of monazite grains. Inset images, where applicable, are zoomed to
show grain detail. (A) Sample AP17 _66MF 5 grain m2, individual monazite grain
clusters lining pitted quartz grains and mimic adjacent fibrous clay minerals (Fig. 4b).
Note that the central cluster of grains appears to be precipitating in a grain fracture. (B)
Sample AP17 66MF 4 grain m1, individual monazite grains precipitating along grain
boundaries. Notice the contrast in size and overall amount of clustered grains compared
to the example in A. (C) Sample AP17 66MF 7 grain m1, patchy monazite cement.
Regard in the inset image the porosity of the grain; due to this fact, very little or poor
chemical data was acquired from grains of this category. (D) Sample AP17 66MF 11
grain m1, example of a porous hematite grain with infilling patchy monazite cement.
Observe that monazite precipitation is concentrated to the pores closest to the grain
boundary. (E) Sample AP17 66MF 11 grain m2, grain with Th-rich domains, brighter
spots in the inset image. Notice that this grain is almost entirely encased in quartz. (F)
Sample AP17 _66MF 7 grain 4, detrital monazite grain entirely encased in quartz.
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Monazite Geochemistry

Compositional data for Group 1 and Group 2 authigenic monazites are normalized
to detrital grains (Group 3) found within these samples, chondrite, North American shale
composite (NASC), and Moacyr, the typical monazite standard used during analyses
(Gongalves et al., 2016; Table 1; Fig. 9). Most authigenic grains have almost no U and <1
wt% Th and are depleted in heavy REE (HREE) and enriched in light REE (LREE)
relative to detrital grains. However, several exceptions exist. First, there is a distinct
enrichment in Eu in authigenic grains relative to detrital grains, and patchy cements are
less enriched or even depleted. Second, there is a significant dispersion in Yb in
authigenic grains relative to detrital grains that does not appear to be related to texture or
sample. Approximately one-third of analyzed grains have Yb below the instrument
detection limit and approximately half of the remaining analyzed grains are somewhat
enriched in Yb. Third, almost all grains from sample AP17 66MF 11 are depleted in all
REE, except Ce and La. In the case of La, two of the grains from this sample are
noticeably more enriched than other grains (Fig. 9a).

Average concentrations of Group 1 and Group 2 monazites normalized to
chondrite and NASC illustrate similar, if not identical, patterns. Grains are significantly
enriched in La, Ce, and Nd and less so in the HREE: Tb, Er, Yb, and Y (Fig. 9b, 9c).
Group 1 monazites are generally more enriched in all REE than Group 2 grains. Grains in
Group 2 have more REE concentrations at or near the detection limit.

Group 1 and Group 2 authigenic monazites normalized to Moacyr display similar
patterns to those expressed relative to Group 3 detrital grains. Authigenic monazites are

generally enriched in LREE and depleted in HREE (Fig. 9d). Group 1 grains show a
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significant enrichment of Eu, unlike most grains in Group 2, which are largely depleted in
Eu. However, two grains in Group 2, m1 (sample AP17 66MF 7) and m5 (sample
AP17 66MF 11) are significantly enriched in Eu. Additionally, most grains show a
substantial dispersion in Yb concentrations unrelated to grain morphology. Group 1
grains are slightly more enriched in Gd with respect to Moacyr than grains normalized to
Group 3 detrital grains.

An attempt was made to chemically date authigenic monazite using the U-Th-Pb
system to determine a formation age and timing of fluid-flow (Allaz et al., 2013).
However, there was insufficient actinide and Pb daughter content to determine any age in
most authigenic grains. Detrital monazite inclusions in quartz were dated as being ~1-2

Ga (Table 1).
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Figure 9. Graphs comparing the REE concentrations of monazite
grains and different standards using data from Table 1. Inset graphs
are of all REE analyzed, including elements that tend to obscure
trends. Dashed lines indicate Group 1 monazite grains and solid lines
indicate Group 2 monazite grains. (A) Authigenic monazite REE
concentrations relative to the average detrital monazite REE
concentration. The element Eu was removed to better show overall
trends. (B) Authigenic monazite concentrations normalized to
average chondrite concentrations. The elements that were removed
to show trends were La, Ce, and Nd. (C) Authigenic monazite
concentrations normalized NASC. Elements removed to show trends
are La, Ce, and Nd. Note the similarities between the overall patterns
relative to chondrite and NASC. (D) Authigenic monazite
concentrations normalized to Moacyr. Only the element Eu was
removed to show trends.
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Detrital Apatite Geochronology

Morphology and textures

Apatite grains analyzed for LA-ICP-MS U-Pb geochronology and
cathodoluminescence (CL) imaging were extracted from sample AP17 _66MF 13. This
sample is a medium- to coarse-grained volcaniclastic sandstone taken from ~10 m above
the contact between the Mutual Formation and the volcanic member of the Browns Hole
Formation. This sandstone contains volcanic clasts ranging in size from course sand to
pebble. SEM analysis of the sample revealed that apatite grains are found only in the
matrix and none are observed in volcanic lithics. Apatite crystals have euhedral to
subhedral morphology, with minor transport-induced rounding. Larger grains, <100 pm-
long, are heavily fractured with grain pieces near each other, implying that grains were
broken in-situ during compaction. Smaller grains, <50 pm-long, are fully intact and
unfractured (Fig. 10a). BSE imagery and EDS reveal that grains generally do not have
rims or overgrowths. However, one grain does show a faint, irregular rim in BSE that is
not visible in EDS (Fig. 10b). Most in-situ grains have a pitted texture along grain
boundaries that extends ~5 pm into the grain (Fig. 10c, 10d). Based on these
morphologies and textures, we suggest that apatite crystals are proximally-sourced
detrital grains.

CL images of mounted apatite obtained after U-Pb analysis support SEM
observations from in-situ grains (Fig. 10a). Smaller apatites are euhedral with tips intact
or slightly rounded and larger grains generally have at least one tip missing. Missing and
rounded tips are likely a result of mineral separation techniques as SEM analysis of in-

situ grains reveals euhedral crystals. CL images show concentric zoning with respect to
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trace element concentration (Dempster et al., 2003), which is common in magmatic
grains (Fig. 10b; Rakovan and Reeder, 1994). Grains do not show any evidence of
overgrowths in CL. Several grains have micron scale mineral inclusions in both the

petrographic and CL analysis of mineral separates (Fig. 11).

Figure 10. SEM images of in-situ apatite grains. (A) Example of intact, in-situ apatite
grains, yellow circles indicate locations of grains. Note that all apatite grains shown in
this image are intact except for some cracking and are euhedral to subhedral with only
minimal rounding of tips. (B) Apatite grain with a faint irregular rim, outlined in orange,
that is characterized by a heavily pitted texture. Observe the infilling of some cracks by
more dense minerals, lighter greys to white, and pits with less dense minerals, darker
greys. (C) Pitted texture that is common in most analyzed in-situ grains. This texture is
different from the pitted texture in (B) in that it is not coupled with a change in material
density. (D) An example of a pitted texture like the example in (C) that extends further
into the grain and mimics fracture boundaries. Notice the pristine nature of the grain tip,
despite the pitted texture that follows grain and fracture boundaries there is no rounding.
As with the texture in (B), the nature of the contact between the pitted rim and interior of
the grain is irregular. However, unlike (B) there is little to no infilling of fractures or pits
and, again, there is no material density change coincident with pitting.
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Figure 11. Apatite mineral separates. (A) Single polar image of representative sample of
apatite separates. Notice the grain in the center with the large, dark mineral inclusion or
core—similar features were found on apatite grains during in-situ SEM analysis. Also note
the range of morphologies present from grain shards to the more common pill-like shape.
(B) CL images of grains used for U-Pb dating. Regard the concentric zoning and inclusions
(white or black spots or zones). Grains with an orange “x” were not analyzed because they
were too small. (C) Zoom of grain 75 as an example of concentric zoning and euhedral
grain morphology. (D) Zoom of grain 97. Note the irregular zoning, a possible reason this
grain yielded an unreasonable date and error.
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U-Pb Data

Detrital apatite grains from this sample yield low U concentrations (~1 ppm). Of
100 spots, 95 yield reasonable calculated dates and errors. These individual analyses
range from 458 = 63 Ma to 1140 + 102 Ma, with a weighted mean of 612 = 10 Ma (20;
Fig. 12a, 12b; Table 2). Grains and corresponding error ellipses, excluding plotted on a
Tera-Wasserberg concordia diagram are tightly clustered along a discordia line. The
discordia line is anchored at the upper intercept of the agreed upon common Pb
correction for 610 Ma (Stacey and Kramers, 1975) and regressed through the datapoints
to the lower intercept of the discordia line, which represents the “true” age of the dataset
of 612 £10 Ma. At least nine grains plot to the right of the tie line, suggesting they
experienced Pb-loss and are younger than expected (Fig. 12c¢).

Because of the low U concentration, grains have high individual uncertainties. As
such, we assess the individual precision of each datapoint in the program RadialPlotter
(Vermeesch, 2009). Precision is determined by dividing the 1o error of each grain by
their calculated date. RadialPlotter also colorizes each point based on measured
206ph/204ph. Inputting the 95 datapoints reveals a maximum of four age peaks of 524 + 25
Ma, 620.9 + 6.2 Ma, 770 £ 37 Ma, and 1137 + 102 Ma (errors are reported as 1c). The
youngest peak is largely defined by two grains with relatively high precision and high
amounts of radiogenic Pb. One of these grains (grain 67) has downhole laser ablation
data that is progressively older towards the rim of the grain. Although progressively older
dates are potentially an artifact of downhole fractionation, this grain is also one of the
nine that likely experienced Pb-loss and is removed from the dataset. Eliminating that

grain deconvolves the data into three peaks: 616.7 = 5.3 Ma, 767+ 38 Ma, and 1137 +
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102 Ma. The new youngest peak now corresponds to approximately 94% of the data
within 2. The second young grain was not removed from the dataset because it has a
higher uncertainty that overlaps with the new youngest peak of 616.7 + 5.3 Ma within 2c.
Using the minimum peak algorithm in RadialPlotter (Vermeesch, 2009), based on the
Galbraith algorithm (Galbraith, 2005), to assess the youngest age that a dataset can

realistically have, provides a minimum age of 613 = 5.9 Ma (1c; Fig. 12d, 12e).
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Figure 12. Apatite U-Pb results. (A) Age distribution of apatite grains, green horizontal
line indicates the mean age of 612 + 10 Ma. (B) Histogram of apatite U-Pb ages. (C)
Tera-Wasserburg diagram anchored through common Pb correction for 610 Ma of 0.878
(Stacey and Kramers, 1975). Blue ellipses are grains with potential Pb loss; shade of blue
indicates the likelihood that grain experienced Pb-loss—darker blue is more likely and
lighter blue is less likely. (D) RadialPlotter showing three age peaks. Color scale depicts
relative amount of radiogenic Pb. Note that grains that plot near the oldest peak are
yellow, indicating less radiogenic Pb, and grains that plot near the youngest peak are
more orange and, therefore, have more radiogenic Pb. The x-axis is a measure of
precision where ¢ is the individual error for a given point and t is the calculated age for a
given point. More precise ages plot to the right, whereas less precise ages will plot to the
left. (E) The same data as in (D) but redisplayed using the minimum peak algorithm.
Errors on RadialPlotter diagrams are 1c.
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DISCUSSION

Age of the Browns Hole Formation and Implications

We suggest a revised maximum depositional age of the volcanic member of the
Browns Hole Formation of 613 + 12 Ma (20), based on our detrital apatite U-Pb data.
This is consistent with a previously reported U-Pb apatite date of 609 + 25 Ma (20) from
the overlying basalt by Verdel (2009), based the weighted mean of two multi-grain ID-
TIMS analyses, n=5 and n=8, one of which was slightly discordant. The newly reported
date of 613 + 12 Ma is likely much closer to the actual depositional age than the
previously reported age of 580 + 14 Ma (20) (Crittenden Jr and Wallace, 1973; Christie-
Blick and Levy, 1989) based on apatite morphology reflecting proximal sources. Apatite
grains in sample AP17 66MF 8 are euhedral, not frosted (Figs. 10; 11), and are hosted
nearly intact in the matrix of coarse-grained volcaniclastic rocks.

It is permissible that the true depositional age is <613 + 12 Ma if these detrital
apatites are sourced from a significantly older, yet proximal and easily weathered and
transported deposit. However, we consider the 580 Ma date to be anomalously young
based on potential problems associated with bulk “°Ar/*’Ar dating. This is a total gas
“0Ar/*? Ar analysis on a hornblende phenocryst from a clast in the agglomerate several
meters below the basalt flow (Crittenden Jr and Wallace, 1973; Christie-Blick and Levy,
1989). The “°Ar/*Ar dating method assumes a closed system and Ar-loss due to post-
depositional reheating prior to analysis will result in anomalously young dates (Hodges,
2005). Modern stepwise heating methods record the incremental loss of Ar from different
mineral domains to yield a reliable “plateau age” that is representative of formation

(Reichow et al., 2002; Boyce et al., 2005). As this date was acquired via bulk heating
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methods, it is not possible to assess the potential for Ar-loss. Furthermore, this “°Ar/*°Ar
date is outside the error of the previously reported apatite U-Pb date of 609 + 25 Ma
(Verdel, 2009), and the newly reported date in this study.

The new maximum depositional age of 613 Ma for the volcanic member of the
Browns Hole Formation has implications for the timing and duration of deposition of
regional stratigraphy. Our new date decreases the amount of time available for the
deposition of ~1400 m of Browns Hole Formation and lower Brigham Group by ~33 Myr
(Fig. 13). If the paleovalleys at the base of the Inkom Formation represent the end of
Marinoan glaciation (Levy et al., 1994) and the Caddy Canyon Formation was deposited
ca. 650 Ma (Yonkee et al., 2014), then ~1400 m of strata was deposited over ~37 Myr,
from ca. 650 Ma to 613 Ma, or ~38 mm/kyr (Fig. 13a). However, if the pink dolostones
overlying glacial diamictites of the Pocatello and Perry Canyon formations relate to
Marinoan glaciation (Dehler et al., 2011, 2012) and the Caddy Canyon Formation was
deposited at ca. 635 Ma, then ~1400 m of sediment was deposited in ~22 Myr from ca.
635 Ma to 613 Ma, or ~64 mm/kyr (Fig. 13b). Both rates are considered relatively slow
(Sadler, 1981).

Revising the maximum depositional age of the Browns Hole Formation also
affects the interpretation of paleovalleys at the base of the Inkom Formation. If the upper
diamictites and pink dolostones of the Pocatello and Perry Canyon formations do
represent the end of Marinoan glaciation (Dehler et al., 2011, 2012; Isakson, 2017;
Isakson et al., in review) in western Laurentia (current orientation), then the paleovalleys
at the base of the Inkom Formation are of unknown origin and more study is needed to

determine their source. However, if the paleovalleys at the base of the Inkom Formation
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correspond to sea level fluctuations following Marinoan glaciation, then no revision is
needed (Fanning and Link, 2004; Balgord et al., 2013).

These revisions to Browns Hole Formation stratigraphy also impact interpretation
of unconformities with overlying stratigraphy. For example, the unconformity that exists
between the basalt flow cap of the volcanic member and overlying sandstone Terracotta
member of the Browns Hole Formation may represent more missing time than previously
thought. Likewise, the sequence boundary and documented unconformity that exists
between the Terracotta member of the Browns Hole Formation and the overlying
Geertsen Canyon Formation may represent even more missing stratigraphic time than
previously thought (Fig. 13; Levy et al., 1994; Yonkee et al., 2014) .

Our geochronology data also has implications for the expression of Laurentian
rifting in northern Utah. Prior geochronology and paleomagnetic data suggest that
continental land masses attached to the western region of Laurentia began rifting >720
Ma and were completely separated sometime >600 Ma (Li et al., 2008; Yonkee et al.,
2014). However, rift related volcanism continued until at least ~569 Ma (Colpron et al.,
2002). The appearance of proximally sourced volcanic material refines this chronology
and confirms that rift-related volcanism continued until at least 613 Ma. The volcanic
member of the Browns Hole Formation likely represents one of the last episodes of
rifting in the region before the transition to a passive margin. The presence of a basanitic
“basalt” flow capping the volcanic member of the Browns Hole Formation (Verdel,
2009) is consistent with this interpretation. Basanite is a silica undersaturated lava
common in continental rift and continental and oceanic mantle plume settings (Barberi et

al., 1982).
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Figure 13. Revised Wheeler diagrams with relevant representative regional stratigraphic
sections. (A) Revised stratigraphy if the paleovalleys at the base of the Inkom Formation
correspond to end Marinoan sea level fluctuations. (B) Revised stratigraphy if upper
carbonates and diamictites in the Perry Canyon and Pocatello formations are related to
Marinoan glaciation. (a) This research; (b) Verdel (2009). Figure is modified from
Yonkee et al. (2014).
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Post depositional fluid-rock interaction

Evidence for post-depositional fluid-rock interaction and diagenesis occurs on
scales ranging from outcrop to microscopic. Using thin section petrography, SEM, SEM-
EDS, and EMPA, we reconstruct a relative paragenetic sequence of post-depositional
diagenesis for the observed section of Mutual and Browns Hole formations (Figs. 14-16).
Additionally, we used the geochemical modeling program PHREEQC (Parkhurst and
Appelo, 2005) to investigate the range of conditions, chiefly temperature, at which these
diagenetic events may occur. PHREEQC uses the chemical properties of given mineral
phases at specified temperatures to calculate the solubility index of each phase at
equilibrium. Specifically, here the minerals albite, K-feldspar, quartz, hematite, and
tremolite were reacted with water in PHREEQC to reach equilibrium in five steps over
temperatures of 25 — 200 °C, and the resulting fluid chemistry and mineral solubility
indices were calculated. The major post-depositional events observed include (1) early
hematite grain-rimming cement, (2) development of quartz overgrowths and cements, (3)
dissolution/alteration of feldspar grains, (4) dissolution of detrital monazite and
potentially apatite, (5) partial dissolution of quartz grains, (6) precipitation of authigenic
minerals including clays, monazite, and apatite cement, and (7) later stages of hematite
cementation.

Evidence of fluid-rock interaction includes the ubiquitous hematite cement, which
gives the volcanic member of the Browns Hole Formation and the uppermost Mutual
Formation a distinct purple-red hue on both weathered and fresh surfaces. Hematite
cement is less prevalent in the overlying Terracotta member of the Browns Hole

Formation, and less pervasive in the rest of the Mutual Formation. This is consistent with
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the composition of the primary sediments in the volcanic member of the Browns Hole
Formation. Stratigraphically isolated pervasive hematite cement coupled with faint dust
rims along relict grain boundaries in the remaining lower Mutual Formation suggests
hematite precipitated in multiple phases: first, during early diagenesis (Walker, 1967,
1974), again during late burial, and finally during uplift diagenesis (Figs. 14b, 14f; 15f;
16).

Quartz overgrowths form over prior grain boundaries in the Terracotta member of
the Browns Hole Formation and enclose faint dust rims formed during early diagenesis in
the Mutual Formation. This process was likely protracted through burial diagenesis.
Oxygen isotope studies show that quartz overgrowths can form under a variety of
conditions, but at temperatures <60 °C require local additions of silica to pore fluids, for
example from the dissolution of volcanic glass (McBride, 1989; Hiatt et al., 2007). In the
Mutual Formation and Terracotta member of the Browns Hole Formation quartz is the
only local source of silica, thus it is assumed that quartz overgrowth formation initiated
during compaction at temperatures >60 °C (McBride, 1989; Hyodo et al., 2014).
PHREEQC modeling suggests that quartz overgrowths would likely continue to form
only until temperatures reach 150 °C, when quartz is more likely to dissolve.

Feldspar breakdown and hydrolysis to clays were likely protracted as many larger
feldspar grains are only partially dissolved in these units. In the Mutual Formation,
porous microcline and plagioclase feldspars are surrounded and infilled by fine-grained
sericite and kaolinite clays. In the volcanic member of the Browns Hole Formation,
smaller feldspars within volcanic clasts are completely replaced with fine grained clays

(Figs. 14d; 15b, 15c; 16). Detrital feldspars are unstable even at low temperatures,
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evident in the near ubiquitous authigenic clay cements in many feldspathic sandstones
(Wilkinson and Haszeldine, 1996; Wilkinson et al., 2001). However, in the Mutual
Formation and Geertsen Canyon Formation many feldspar grains remain partially intact,
indicating that conditions did not favor full dissolution.

Authigenic phosphates (e.g., monazite and apatite) are limited to the volcanic
member of the Browns Hole Formation and are more common in the reworked lithic tuff
at the contact with the underlying Mutual Formation. Although detrital apatites are found
in the upper units of the volcanic member, none are observed in the places where apatite
cement is found. Likewise, no matrix monazite is observed anywhere in these units.
Detrital monazites partially encased in quartz grains show evidence for fluid-mediated
alteration. We hypothesize that detrital monazite, and potentially apatite, were dissolved
and their constituents used in precipitation of authigenic grains and cements. Monazite
and other REE-bearing minerals are more soluble at higher temperatures and increased
fluid salinity (Allaz et al., 2013). Although monazite is soluble in both acidic and alkaline
fluids at various temperatures (Ayers and Watson, 1991; Lewis et al., 1997; Oelkers and
Poitrasson, 2002; Ayers et al., 2004; Poitrasson et al., 2004), apatite is only soluble in
acidic fluids (Ayers and Watson, 1991). Therefore, it is likely that saline acidic fluids
interacted with monazite and apatite grains to dissolve and re-precipitate as authigenic
grains and cements (discussed below). Additionally, these fluids would have aided in the

continued dissolution of feldspar grains, which would neutralize fluids.
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Figure 14. Generalized paragenetic sequence for the upper Mutual Formation. (A) Initial
deposition. (B) First generation of hematite cement. (C) Formation of quartz overgrowths
encasing initial hematite cements. (D) Initiation of feldspar breakdown. (E) Formation of
fine-grained clay cements and partial replacement of feldspar grains. (F) Final phase of
hematite cements and clay replacement. q=quartz; f=feldspar; hem=hematite cement;
cl=clay
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Figure 15. Generalized paragenetic sequence for the lower Browns Hole Formation. (A)
Initial deposition. (B) Feldspars begin to breakdown. (C) Quartz grains are pitted, along
with continued feldspar dissolution. (D) Monazite and coarse clays begin to precipitate.
(E) Fine-grained clays and apatite cement are formed. (F) Final phase of hematite cement
infiltrates remaining pore spaces. q=quartz; f=feldspar; cl=clay; mnz=authigenic
monazite; hem=hematite cement; ap=microcrystalline apatite cement.
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Phosphate dissolution may have occurred coeval with the partial dissolution of
quartz grains yielding pitted textures along the edges of quartz grains at the contact
between the Mutual and Browns Hole formations (Figs. 15¢; 16). Because quartz will
develop overgrowths at temperatures of 60 — 150 °C, pitting of quartz grains likely
started at temperatures >150 °C with the addition of neutral to alkaline fluids (Figs. 15c;
16; Dove and Crerar, 1990). Quartz pitting is isolated to the contact between the Mutual
and Browns Hole formations, indicating that the contact served as a conduit for increased
fluid flow. Alternatively, this part of the section may have contained more reactive
material, i.e. more feldspars, that allowed fluids to stay at neutral to alkaline pH.

The precipitation of fine-grained clay cements was protracted but occurred in at
least two major pulses. The first pulse likely followed initial feldspar breakdown during
burial diagenesis. A second episode of fine-clay followed the precipitation of other
authigenic minerals, evident in clay cement found interstitially with apatite and hematite
cements (Figs. 14e; 15¢). Coarse clays, however, likely precipitated coincident with the
final stages of other authigenic mineral precipitation including monazite, and apatite and
hematite cements (Fig. 15d).

Monazite forms as a pore filling cement and as euhedral crystals alongside fibrous
clay minerals in a matrix of authigenic microcrystalline apatite. Detrital monazite grains
that are fully encased in quartz are featureless and unzoned in BSE imagery. Detrital
grains partially encased in quartz or in contact with cracks have zones of Th-rich
material, indicative of fluid mediated alteration (Hetherington and Harlov, 2008). The
REE geochemistry of the pore filling and euhedral monazites show that grains are

depleted in HREE, common for authigenic grains. Additionally, the euhedral shape of
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some authigenic grains are indicative of low-Th monazite (Cressey et al., 1999). Low-Th
monazite may be linked with low grade metamorphism (Overstreet, 1967; Mohr, 1984)
and associated with fluids at temperatures <320 °C (Seydoux-Guillaume et al., 2012).
However, there may be no correlation between temperature and Th content in monazite
(Zhu and O’Nions, 1999). When factoring in increased salinity, normally stable detrital
monazite can be altered at temperatures between 260 and 340 °C (Poitrasson et al., 2000).
Additionally, Allaz et al. (2013) also suggests that a decrease in temperature during
exhumation can induce the precipitation of authigenic monazite. At burial depths of <10
km, temperatures in these rocks likely did not exceed 275 °C. Thus, it is reasonable to
assume that monazite was initially dissolved at depth by saline fluids and then
precipitated as an authigenic phase as temperatures decreased during exhumation (Allaz
et al., 2013). We also hypothesize that this decrease in temperature initiated the
precipitation of apatite cement, concentrated at the contact between the Mutual and
Browns Hole formations.

The final generation of hematite cement may have been the result of iron
mobilization during protracted fluid-flow related to partial feldspar dissolution and
authigenic mineral precipitation. Porous hematite grains in the volcanic member of the
Browns Hole Formation contain pore filling authigenic monazite near the edges and,
elsewhere in the unit, hematite cements are observed with interstitial fine-grained clays
and authigenic monazite. This coupled with cross cutting relationships suggest that
authigenic phosphate, clay, and hematite precipitation events likely occurred coevally
(Figs. 14f; 15f; 16). It also supports interpretation that hematite cements were precipitated

over a protracted period and in multiple phases.
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Mutual Fm Browns Hole Fm

Figure 16. Combined paragenetic sequence for both
the Mutual and Browns Hole Formation. Lines indicate
places where things are potentially happening
simultaneously.
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Timing of fluid-rock interaction

Although we lack direct timing constraints of fluid-rock interaction events, we
integrate diagenetic events and formation conditions into the known burial history of the
Mutual and Browns Hole formations. We consider several regional tectonic events when
deriving the possible timing of paragenetic episodes including the Antler Orogeny (ca.
360 — 320 Ma; Trexler and Nitchman, 1990), Ouachita-Marathon orogenies
(Pennsylvanian — Permian; Kluth and Coney, 1981), and Sevier-Laramide orogenies (ca.
140 — 50 Ma; Yonkee and Weil, 2015). Because the Sevier-Laramide orogenies are
directly related to the uplift of these rocks, we consider the timing of the specific thrust
that initiated unroofing, the Willard Thrust (ca. 120 — 90 Ma; Yonkee and Weil, 2015),
and the growth of the Wasatch Anticlinorium (75 — 65 Ma; Yonkee and Weil, 2011).

Figure 17 shows a burial and unroofing history and inferred paragenetic sequence
for the Browns Hole and Mutual formations. We derived this burial history from average
sediment thicknesses recorded on local geologic maps (Crittenden, 1972a; Dover, 1995;
Link and Stanford, 1999; Rodgers and Orthberg, 1999; Skipp et al., 2009). This history
provides the context for the inferred paragenetic sequence. Diagenetic events including
early hematite cements and quartz overgrowths are ubiquitous during the initial stages of
lithification and burial compaction (Walker, 1967, 1974). These events are likely
unrelated to any major tectonic or fluid-infiltration event. Hematite cements were the
result of early iron mobilization and quartz overgrowths formed in response to rising
temperatures as burial depths increased. The later generations of hematite cements can be
tentatively assigned to later iron mobilization due to fluid-infiltration during middle-to-

late Paleozoic basin formation during the Antler and Ouachita-Marathon orogenies to the
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west and southeast (current orientation), respectively. The last stages of hematite cement
and oxidation likely occurred during the final stages of unroofing during the Sevier-
Laramide orogenies and growth of the Wasatch Anticlinorium (Fig. 17).

The initial breakdown of feldspar and hydrolysis to clay minerals also does not
require a major fluid-infiltration event because the increase of heat and pressure during
burial is sufficient to induce this reaction. However, later stages and major pulses of
feldspar dissolution were likely influenced by infiltrating saline fluids during the Antler
and Ouachita-Marathon orogenies and formation of the marine Oquirrh basin (Kluth and
Coney, 1981; Jansma and Speed, 1993). Additionally, these saline fluids would have
dissolved monazite and apatite grains not enclosed in other phases (Allaz et al., 2013).
The dissolution of feldspar grains during this time helped produce the chemistry
necessary to partially dissolve the edges of quartz grains (Dove and Crerar, 1990). It is
possible that whole quartz grains were dissolved in the cm-scale layer of reworked tuff as
temperature increased with burial depth, but observations suggest that only the edges of
grains were affected. These fluids would have also mobilized the significant amount of
iron present in the volcanic member of the Browns Hole Formation. However, iron would
have likely stayed in solution until temperatures decreased during unroofing (Fig. 17).

Finally, during Sevier-Laramide unroofing, temperatures decreased and initiated
precipitation of authigenic minerals like monazite, coarse-grained clays, as well as apatite
and hematite cements. Likewise, fine-grained clay cements would have continued to
precipitate during uplift. Major pulses of precipitation were likely influenced by the
growth of the Willard Thrust, Wasatch Anticlinorium, and subsequent Wasatch Fault

Zone extension (Fig. 17).
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Part of the diagenetic history not discussed is hydrothermal alteration related to or
directly following the emplacement of the basalt flow that caps the volcanic member of
the Browns Hole Formation. This includes alteration at the contact between the basalt
flow and underlying volcaniclastic units that resulted in the formation of irregular veins
of analcime, quartz, and specular hematite. We speculate that hydrothermal fluids also
infiltrated the basalt soon after cooling to produce veins of epidote. Veins acted as weak
points in the rock and were activated as slip surfaces during various episodes of faulting,
likely related to the final stages of uplift or the initiation of Wasatch Fault Zone. We
chose not to consider this event because it only relates to the thin basalt flow with limited
impacts on the underlying sediments and, therefore, does not tie into the larger diagenetic

history of these formations.
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Figure 17. Burial history and paragenesis of the Mutual and Browns Hole Formations.
Burial curve, black line, is constructed based on average thicknesses of overlying units,
using geologic maps from the surrounding areas (i.e. Crittenden, 1972; Dover, 1995;
Skipp et al., 2009). The grey bar outlining the burial curve shows the possibility for
depositional thickness errors. The dashed line for uplift indicates that overall path of
uplift is unknown and therefore inferred; the actual path is likely not as linear. Orange
star indicates timing of deposition for the volcaniclastic member of the Browns Hole

Formation as found in this study. Relative stability of quartz was determined by

geochemical modeling in PHREEQC. Timing for the Antler, Ouachita-Marathon, and
Sevier-Laramide orogenies are based on results from Trexler and Nitchman (1990), Kluth
and Coney (1981), and Yonkee and Weil (2015), respectively. Timing for the Willard
Thrust and Wasatch Anticlinorium are from Yonkee and Weil (2015) and Yonkee and

Weil (2011), respectively.
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SUMMARY AND CONCLUSIONS

Improving the maximum depositional age for the Browns Hole Formation has
implications for the amount of time available to deposit at least ~1400 m of regional
stratigraphy, interpretation of local and regional unconformities, and timing of late
Neoproterozoic Laurentian rifting. New detrital apatite U-Pb geochronology reveals the
maximum depositional age of the volcanic member of the Browns Hole Formation is 613
+ 12 Ma, consistent with 609 & 25 Ma U-Pb apatite date acquired from the overlying
basalt (Verdel, 2009). The new depositional age places stricter constraints on the amount
of time available for the deposition of the underlying Mutual, Inkom, and Caddy Canyon
formations. If the lower boundary of the Inkom Formation is temporally anchored by
paleovalleys that correspond to sea-level rise associated with the end of the Marinoan
glaciation (Levy et al., 1994), then ~1400 m of sediment was deposited over ~37 Myr,
~38 mm/kyr. However, if the diamictites and pink dolostones of the Pocatello and Perry
Canyon Formation are related to Marinoan glaciation (Dehler et al., 2011; Isakson, 2017;
Isakson et al., in review) and the base of the Caddy Canyon Formation is ca. 635 Ma,
then ~1400 m of sediment accumulated over ~22 Myr at a rate of 64 mm/kyr. The second
scenario would affect the interpretation for the source of the Inkom paleovalleys and
further study of this and correlative formations is required to discern a likely cause.

The revised maximum depositional age also affects interpretations of
unconformities between the two members of the Browns Hole Formation and between
the Terracotta member of the Browns Hole and overlying Geertsen Canyon Formation.
The unconformity that exists between the volcanic member and Terracotta member of the

Browns Hole Formation might represent more missing stratigraphic time than previously



62

thought. Likewise, the unconformity and sequence boundary between the Terracotta
member of the Browns Hole Formation and Geertsen Canyon Formation, or Mutual and
Camelback Mountain formations, might also represent more missing stratigraphic time
than previously understood.

Rifting along the western (current orientation) margin of Laurentia initiated at
~780 Ma with the Gunbarrel event (Harlan et al., 2003) and continued until ~569 Ma
(Colpron et al., 2002). Refining the geochronology for the volcanic member of the
Browns Hole Formation confirms that rift-related volcanism in this part of the world
continued until at least 613 Ma. These proximally sourced volcanic rocks likely represent
one of the final episodes of rifting along the western margin of Laurentia prior to
transitioning to a passive margin.

Fluid-rock interaction in Neoproterozoic rocks is often cryptic and difficult to
constrain due to insufficient datable material. However, a likely paragenetic sequence can
be constructed and placed into the context of known geologic events using cross cutting
relationships and expected conditions during authigenic mineral formation. In the Mutual
and Browns Hole formations, the earliest diagenetic events, hematite dust rims and quartz
overgrowths, occurred during initial burial. Increased heat and pressure dissolved
feldspar and produced early fine-grained clay cements. The formation of marine basins
above these units during the Antler and Ouachita-Marathon orogenies allowed for the
infiltration of saline fluids, further dissolving feldspar grains and neutralizing fluids. Prior
to neutralization, saline fluids also dissolved or altered detrital monazite and potentially
apatite grains. Then, hot neutral fluids partially dissolved quartz grains, leaving a pitted

texture along the edges of grains. The Sevier-Laramide orogenies and initiation of the



Willard Thrust and, later, growth of the Wasatch Anticlinorium led to unroofing and,
therefore, cooling. Cooler temperatures then allowed for the precipitation of authigenic

minerals including apatite, monazite, coarse and fine clays, and later hematite cements.
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Appendix A. Raw Monazite EMPA Data
Table Al: Values are in weight percent.

Si

Ca

Pb

Th

Fe

La

Ce

Nd

Pr

Sm

Eu

Tb

Dy

Gd

Er

Yb

77

TOTAL

66mf_4

26.09
25.69
25.53

0.12
0.11
0.15

0.27
0.22
0.46

12.48
12.34
11.83

0.01
bld
bld

0.65
0.61
0.84

bld
bld
bld

0.04
0.02
0.04

bld
bld
bld

NA
NA
NA

7.66
8.14
11.33

24.06
24.03
26.65

14.67
14.10
10.61

3.49
3.35
3.02

2.46
2.20
1.10

0.57
0.53
0.25

0.03
0.02
bld

0.08
0.08
bld

0.97
0.89
0.33

bld
bld
bld

bld
bld
bld

0.21
0.15
0.01

93.71
92.36
92.02

m2

25.78
25.69
25.73
25.77
25.84

0.33
0.04
0.06
0.05
0.09

0.42
0.98
0.71
0.36
0.32

12.20
11.50
11.87
12.28
12.31

0.16
0.13
0.14
0.12
0.10

0.80
1.50
1.19
0.74
0.58

bld
bld
bld
bld
bld

0.24
0.17
0.22
0.23
0.22

bld
bld
bld
bld
bld

NA
NA
NA
NA
NA

8.04
6.54
6.26
7.96
9.75

23.09
22.76
22.21

23.84
24.79

13.07
14.60
15.43
13.85
12.32

3nm

3.44
3.38
3.30
3.00

1.96
241
2.68
2.09
1.86

0.47
0.49
0.53
0.54
0.51

0.03
0.01
bld
0.02
0.03

0.07
0.05
0.06
0.08
0.08

0.80
0.85
0.97
0.91
0.89

bld
bld
bld
bld
bld

bld
bld
bld
bld
bld

0.30
0.17
0.24
0.26
0.23

90.76
91.24
91.53
92.31
92.81

m3a

27.84
27.29
27.23
27.73
27.05

0.24
0.26
0.64
0.53
0.33

0.72
0.83
0.49
0.19
0.47

12.79
12.19
12.37
13.11
12.41
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0.05
0.04
0.04
0.05

1.28
1.58
1.04
0.55
1.05

bld
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0.10
0.01
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0.00
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NA
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24.94
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14.46
15.43
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3.51
3.76
3.56
3.72
3.72

1.69
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2.64
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0.38
0.67
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0.64
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0.10
0.07
0.11
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0.03
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97.64
97.11
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97.72
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0.14
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0.70
0.44
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12.32
11.56
12.40

0.02

0.02

0.02
bld
bld
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0.81
1.16
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bld
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0.08
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9.80
9.77
11.85
8.76
9.72

26.91
27.17
28.25
26.32
27.01

13.13
12.90
1.1
14.01
13.14

3.42
3.53
3.22
3.61

3.46

1.88
1.56
1.28
2.07
1.98

0.52
0.34
0.34
0.53
0.55

0.05
0.02
0.04
0.05
0.06

0.11

0.04
0.05
0.10
0.12

0.80
0.50
0.44
0.84
0.90

0.01
bld
0.01
0.01
0.01

0.02
0.02
0.02
0.01
0.02

0.11
0.03
bld
bld
0.08

97.83
97.06
97.14
95.81
97.77

m5

26.35
26.40
27.14
27.22

0.46
0.12
0.15
0.11

0.44
0.23
0.84
0.59

11.87
12.29
1211

12.32

0.06
0.03
bld
0.01

0.73
0.44
1.59
1.13

bld
bld
bld
bld

0.09
0.36
0.03
0.03

bld

bld
0.00
0.01

NA
NA
NA
NA

11.35
11.43
6.88
6.56

27.53
27.93
24.25
24.63

11.70
12.04
16.75
17.63

3.31
3.25
3.84
4.09

1.41
1.72
2.78
3.33

0.31

0.44
0.48
0.67

0.02
0.05
0.02
0.04

0.03
0.09
0.05
0.09

0.44
0.76
0.77
1.11

bld
bld
bld
0.01

bld

bld
0.01
0.02

bld
0.06
0.05
0.13

96.05
97.61
97.70
99.73

mé

26.44
26.83
26.72
27.06
26.92

0.03
0.03
0.05
0.04
0.05

0.53
0.85
0.39
0.22
0.17

12.12
11.90
12.40
12.78
12.75

0.05
0.06
0.09
0.08
0.09

0.86
1.33
0.94
0.59
0.49

bld
bld
bld
bld
bld

0.38
0.23
0.25
0.27
0.33

0.00
0.01
0.03
0.03
0.03

NA
NA
NA
NA
NA

10.86
9.64
8.28
10.87
11.06

27.10
26.89
25.35
27.01
26.72

11.78
13.15
15.25
12.99
12.90

3.19
3.52
3.70
3.39
3.28

1.72
1.80
2.42
2.00
2.10

0.49
0.45
0.59
0.57
0.58

0.05
0.04
0.03
0.07
0.07

0.10
0.08
0.11
0.12
0.15

0.79
0.70
0.99
1.00
1.08

bld

bld

bld
0.01
0.00

bld

bld
0.00
0.00
0.01

0.12
0.11
0.16
0.19
0.21

96.59
97.62
97.74
99.30
98.98

66mf_5

m1

27.03
26.89
26.79

0.02
0.03
0.01

0.76
0.77
0.66

12.18
12.07
12.12

0.09
0.08
0.08

1.36
1.43
1.24

bld
bld
bld

0.01
0.01
0.01

bld
0.00
bld

NA
NA
NA

14.62
14.66
11.35

28.74
28.85
29.05

8.78
8.58
11.32

2.63
2.56
3.02

0.83
0.76
1.14

0.18
0.15
0.21

0.03
0.00
0.02

0.01
0.02
0.01

0.30
0.24
0.38

bld
bld
bld

0.01
0.01
0.00

0.01
0.00
0.03

97.58
97.10
97.43

m2

27.33
27.65
27.65

0.03
0.02
0.08

0.47
0.59
0.53

12.58
12.66
12.77

0.01
0.01
bld

1.07
1.36
1.29

bld
bld
bld

0.01
bld
bld

0.00
0.01
0.00

NA
NA
NA

11.88
10.39
7.86

28.74
29.20
26.44

12.21
12.58
15.94

3.14
3.30
3.55

1.34
1.47
2.28

0.28
0.30
0.49

0.03
0.03
0.04

0.04
0.04
0.08

0.48
0.47
0.90

0.00
0.01
0.01

0.01
0.01
0.01

0.05
0.08
0.12

99.72
100.17
99.96

mé

27.03
26.76

0.02
0.00

0.43
0.20

12.46
12.50

bld
bld

1.31
0.72

bld
0.00

bld
0.02

0.01
0.03

NA
NA

8.20
12.27

25.56
29.67

16.33
11.68

3.55
3.1

2.43
1.41

0.48
0.27

0.03
0.00

0.07
0.01

0.92
0.43

0.00
bld

bld
bld

0.09
0.04

98.85
99.08

m7

24.32
26.16
25.94
23.19
26.61

0.17
0.15
0.21
0.44
0.03

0.34
0.26
0.43
0.23
0.54

11.24
12.08
11.68
9.77
12.01

0.02
0.03
0.05
0.03
0.07

0.74
0.82
0.99
0.66
1.70

bld

bld
0.01
0.02

bld

0.01
0.01
0.00
0.01
0.06

0.01
0.02
0.02
0.01
0.04

NA
NA
NA
NA
NA

10.17
10.23
9.81

11.74
9.82

24.83
26.97
26.90
27.28
26.81

11.68
13.64
13.64
12.00
13.71

2.79
3.21
3.15
2.96
3.23

1.50
1.84
1.83
1.39
1.72

0.38
0.41
0.40
0.27
0.35

0.02
0.04
0.02
bld
0.03

0.04
0.06
0.05
0.02
0.04

0.56
0.71
0.70
0.49
0.59

bld
bld
0.00
bld
bld

bld
bld
0.01
bld
bld

bld
bld
bld
bld
0.05

88.72
96.60
95.77
90.17
97.37

66mf_7

m1

27.00

0.82

0.34

12.34

0.02

0.87

bld

bld

bld

NA

12.50

27.02

10.42

3.13

0.87

0.09

bld

0.03

0.24

bld

bid

0.18

95.69

m4

27.20
27.48

0.26
0.26

bld
bld

12.95
13.12

bld
bld

0.93
0.95

0.43
0.44

6.84
7.02

0.60
0.62

NA
NA

10.21
10.36

22.19
22.16

9.48
9.46

2.58
2.63

1.78
1.74

bld
bld

0.17
0.16

0.68
0.66

1.39
1.39

0.16
0.15

0.04
0.04

1.98
2.03

99.83
100.63

m3

26.98
26.92
27.08
26.95
27.09

0.07
0.08
0.09
0.09
0.11

bld
bld
bld
bld
bld

12.98
13.00
13.10
12.97
13.05

bld
bld
bld
bld
bld

0.76
0.76
0.74
0.74
0.75

0.67
0.66
0.65
0.64
0.63

2.70
2.76
2.70
2.63
2.59

1.4
1.37
1.34
1.32
1.38

NA
NA
NA
NA
NA

11.46
11.45
11.40
11.65
11.54

24.08
23.60
23.91
24.00
24.06

11.41
11.25
11.33
11.31
11.54

2.95
2.87
2.88
2.86
2.92

2.02
2.00
1.99
1.97
2.05

0.05
0.04
0.04
0.03
0.03

0.12
0.14
0.14
0.15
0.12

0.31

0.34
0.33
0.34
0.26

1.42
1.52
1.47
1.50
1.44

0.01
0.02
0.02
0.01
0.01

0.00
0.01
bld
bld
bld

0.42
0.46
0.48
0.46
0.36

99.78
99.22
99.62
99.56
99.90

25.77
25.79

1.06
1.10

0.08
0.09

11.21
11.12

0.01
0.02

0.22
0.31

1.07
0.84

8.30
8.12

0.19
0.19

NA
NA

12.06
12.32

23.61
23.72

9.28
9.20

2.56
2.57

1.54
1.52

0.02
0.01

0.07
0.07

0.19
0.19

0.93
0.91

0.02
0.01

bld
bld

0.36
0.41

98.53
98.51

m5b

26.71

0.33

0.02

12.58

bld

0.72

0.85

5.69

0.29

NA

12.05

23.84

9.00

2.54

1.69

0.05

0.11

0.38

1.19

0.06

bld

0.89

98.97
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Table Al continued

[e] Si S P K[Ca|[Pb| Th | U | Fe| La Ce | Nd [ Pr ([Sm [ Eu [ Tb [ Dy [Gd | Er | Yb| Y |TOTAL

25.80]0.42|0.10(11.66|0.04|0.20| bid | bld | bld |0.56(13.58(30.11(10.10({2.90|0.71|0.08| bid | bld |0.15] bld | bld | bld | 96.18
.|26.14|1.08(0.15|11.55|0.00(0.27 bld | 0.01| bld |1.01]|12.83|28.48| 9.44 |2.66|0.62|0.05| bld | bld [0.10( bld | bld | 0.03| 94.21
25.4910.89|0.20(10.27|0.06|0.33|0.00( 0.07 | bld |5.08(11.96(26.50( 8.81 (2.44|0.61|0.05| bid | bld |0.05| bid | bld | bld | 92.62
26.68(0.72/0.11[12.16{0.09({0.21| bld | bld | bld |0.63|13.47|29.40| 9.89 |2.83|0.71|0.05| bld | bld |0.14{ bld [ bld | bld | 96.96

66mf_11

25.94(0.55(0.07(12.01]| bld {0.56(0.06( 2.68 | 0.05| NA [15.00(28.03| 7.36 |2.41|0.28| bld |0.01| bld |0.34| bld | bld [0.04| 95.21
26.45(0.08(0.06(12.54| bld {0.14{0.00( 0.41 | bld [ NA [19.16(32.18| 4.80 |2.03|0.09| bid | bld | bld | bld | bld | bld | bld | 97.83
26.3610.13|0.08|12.40|0.00|0.20/0.01] 1.01 |0.00| NA |17.08|31.86( 6.21 {2.32(0.16| bld [{0.01(0.00(0.05| bld | bld | bld | 97.83
27.110.09|0.05|12.88(0.04(0.13|0.07| 0.410.01| NA |19.17|32.93| 5.07 [ 2.11|0.12(0.00|0.03(0.01{0.03( bld [0.01( bld | 100.18
26.66|0.06(0.03(12.75]0.02|0.09| bld [ 0.14 [0.00| NA |23.38 (30.64| 3.02 |1.46|0.03|0.00|0.02| bid | bld | bld |0.01] bid | 98.24
26.51)0.08/0.05|12.62|0.01|0.14]|0.01]| 0.39 | bld | NA |18.04|31.98( 5.63 (2.22(0.15| bld {0.07{0.07{0.03| bld |0.02| bld | 97.84
26.7910.15]|0.04|12.78|0.00|0.11] bld | 0.44 | bld | NA |19.40|32.19 | 4.46 {1.95(0.10{0.02(0.02(0.02(0.05| bld |0.02| bld | 98.45
26.5410.09]0.03]12.68)0.02|0.05] bid | 0.21 |0.01| NA |23.9330.74( 2.20 [1.20| bld | bld [0.07| bld | bld | bld |0.01] bld | 97.60

26.34|0.26(0.06|12.50|0.08(0.12(0.00]| 0.60 | 0.01| NA |18.67|31.40| 4.33 |1.93]|0.05| bld | bld | bld | bld [ bld | bld |0.08| 96.32
26.80(0.23|0.03(12.83|0.05|0.09| bid [ 0.33 | bld | NA [20.93(31.38 3.44 [{1.63]0.02| bld | bld | bld | bld | bld [0.00]|0.04] 97.70
26.25|0.55(0.04|12.27|0.11{0.14{0.03] 0.82|0.01| NA |17.46|30.78| 5.19 |2.08|0.13| bid | bld | bld | bld | bld | bld |0.07| 95.79
26.08|0.37|0.04(12.10|0.07|0.25[0.02( 1.86 [0.01| NA (21.05(29.87( 3.44 {1.58|0.03| bld | bld | bld | bld | bld [ bld |0.03] 96.66
26.4410.33)|0.06(12.52]0.01)|0.23| bid [ 0.73 [ bld | NA [17.52(30.51 | 5.83 [2.15]0.21]0.01|0.00] bld |0.03] bld [ bld |0.01] 96.50

26.23|0.26(0.13|12.43| bld [0.38( bld | 2.13 | bld | NA |13.08|28.59| 9.54 | 2.92|1.09(0.03|0.03|0.05(0.27( bld | 0.02|0.05| 95.82
21.67]1.13]|0.06( 8.76 | bld | 1.25] bid [17.23| bld | NA [ 9.48 [20.01| 6.21 [1.80]0.48]| bid | bld | bld |0.04| bid [ bld | bld | 86.21

Moacyr SecStd

26.57(0.54(0.02(12.28| bld {0.32(0.14| 5.83 [0.12| NA [ 12.32(24.87| 9.45|2.77|1.58| bld |0.06]|0.20|0.76]|0.02]0.02]|1.00| 98.86
26.59(0.55(0.02(12.26| bld |0.330.14| 5.85 [0.13 | NA | 12.34(24.87| 9.40 |2.78|1.60| bld |0.06|0.21]0.76]|0.04]0.02]1.07| 99.01
26.58(0.57(0.02(12.25| bld | 0.32(0.14| 5.81 [0.12| NA [12.46(24.91| 9.47 |2.78|1.60| bld |0.06]|0.20|0.76]0.03]|0.01]|0.94| 99.00
26.62(0.54(0.02(12.29| bld {0.32(0.14| 5.82 (0.12| NA [12.41(24.87| 9.53 |2.76|1.59| bld |0.05|0.20|0.75|0.04]0.01]|0.98] 99.05
26.59(0.53(0.02(12.27| bld {0.32(0.14| 5.87 [0.12| NA [12.43(24.88| 9.47 | 2.75|1.59|0.01|0.06|0.21|0.75/0.03]0.01|1.01| 99.08
26.46(0.54(0.02(12.20( bld {0.32]0.14| 5.83 |0.11| NA [12.36|24.95| 9.42 |2.80|1.61| bld {0.05|0.19|0.74(0.04(0.02(0.88| 98.69
26.5810.55/0.02|12.26| bld |0.32]0.14] 5.83 |0.12| NA |12.36|24.80( 9.50 (2.78 (1.59 | bld {0.06|0.20(0.75|0.02|0.01[1.03| 98.92
26.6210.56]10.02|12.28| bld |0.33]0.14] 5.87 | 0.12| NA | 12.37|24.85( 9.52 (2.79 (1.61[0.01|0.05(0.21(0.73|0.02|0.071|0.97] 99.08
26.6310.5510.02]12.23| bld |0.32]0.14] 5.81 | 0.11| NA | 12.73|25.01 9.48 {2.79 ({1.59 ({0.01|0.05[0.21 (0.78|0.04|0.00( 1.00| 99.49
26.5710.54|0.02|12.20| bid |0.33]0.14] 5.80 | 0.11| NA | 12.75|24.94( 9.42 (2.81|1.57(0.01(0.06(0.21(0.76|0.03|0.07|1.00] 99.28
26.58|0.54(0.02{12.20| bld [0.33(0.14] 5.800.11| NA |12.66|24.98| 9.55 |2.79|1.60(0.02|0.07|0.22|0.76(0.03|0.02| 1.00| 99.40
26.64)10.54|0.02(12.25| bld |0.32|0.14| 5.82 [0.10| NA [12.71{25.00( 9.50 {2.77|1.580.02(0.07|0.21|0.74|0.02(0.02|1.00| 99.47
26.58|0.54(0.02{12.21| bld {0.32(0.14] 5.81 | 0.10| NA | 12.73|24.98| 9.45 |2.81|1.60(0.02{0.06|0.21 {0.76(0.04|0.02| 1.00| 99.39
26.53|0.54(0.02]12.17 | bld {0.32(0.14] 5.82 |0.10| NA |12.65|24.95| 9.48 |2.79|1.60(0.01{0.07|0.22|0.75(0.03]0.02| 1.00| 99.21
26.64)0.55|0.02(12.25| bld |0.32|0.14| 5.83 [0.10| NA [12.71(24.98( 9.54 {2.76|1.58|0.02(0.06|0.21|0.76[0.03(0.00|1.01| 99.51
26.63|0.54(0.02{12.25| bld {0.32(0.14] 5.82|0.10| NA |12.67|24.91| 9.48 |2.78|1.62(0.00|0.05|0.21 [ 0.77(0.04| 0.02| 1.00| 99.37
26.62(0.55(0.02(12.24| bld {0.33(0.14| 5.81 [0.12| NA [12.66(24.93| 9.46 |2.79|1.59|0.01|0.05/0.21|0.75]/0.03]0.02]| 1.06| 99.37
26.58(0.55/0.02]/12.20|0.01{0.32|0.14] 5.80 [ 0.12| NA |12.70|24.87| 9.54 |2.76|1.61|0.01{0.06|0.21|0.76(0.04|0.01]1.05| 99.36
26.59(0.5510.02]12.19]0.02|0.33|0.14] 5.83 [ 0.12| NA |12.65|24.98( 9.48 | 2.77|1.59|0.01(0.06|0.20|0.75|0.04| 0.01| 1.06| 99.40
26.61(0.55|0.02]12.25|0.01{0.32|0.14] 5.81 [ 0.12| NA |12.54|24.88( 9.52 | 2.75|1.61|0.02(0.05|0.20|0.74(0.04|0.01]1.06| 99.26
26.37(0.53(0.02(12.15]| bld | 0.32(0.14| 5.78 [0.11 [ NA | 12.46(24.60| 9.53 | 2.73|1.57|0.02|0.05|0.21|0.75|0.04]0.01]|0.99] 98.36
26.4110.5210.02|12.18| bld |0.32]0.14] 5.76 | 0.11| NA |12.45|24.75| 9.52 [ 2.75(1.54(0.01{0.06(0.21 {0.74|0.03|0.01{0.99]| 98.51
26.3410.5310.02|12.16| bld |0.33]0.14] 5.77 | 0.12| NA | 12.32|24.60( 9.50 | 2.72|1.55[0.01|0.06 |0.22(0.74|0.03|0.00{0.99] 98.14
26.3210.5210.02|12.14| bld |0.32]0.14] 5.79 | 0.12| NA | 12.38|24.62| 9.40 | 2.73(1.56 {0.02(0.05(0.21 {0.77|0.03|0.00{0.99] 98.11
26.4210.5310.02|12.19| bld |0.33]0.14| 5.80 | 0.11| NA |12.46|24.62( 9.45 (2.72(1.61(0.01(0.05(0.21(0.75/0.03|0.02[1.00| 98.45
26.4510.5310.02]12.19| bld 10.33]0.14] 5.79 |0.12| NA | 12.51|24.62( 9.49 [2.77|1.58|0.01/0.05/0.21[0.77|0.03]0.01|1.00] 98.63
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Appendix B. Additional Photomicrographs

Figure A1l. Mutual Formation and contact with the Browns Hole Formation. (A) XPL
image of sample AP17 79MF 21, taken from the lowest accessible outcrop of the
Mutual Formation. Central grain is a mottled feldspar surrounded by quartz grains with
quartz overgrowths. Note the fine-grained clay cement and hematite dust rims. (B) XPL
image from the same sample showing
several quartz triple junctions. (C) XPL
and PPL (inset) images of Mutual
Formation sample AP17 66MF 4, from
near the contact between the Mutual
and Browns Hole Formations. Note the
significantly smaller and more angular
grains. (D) Whole thin section image of
the contact between the Mutual and
Browns Hole Formations.




80

Appendix B continued

Figure A2. Examples of sericitized feldspars in the Browns Hole Formation. (A) From
volcaniclastic sandstone sample AP17 66MF 8, large volcanic clast with fine-grained
clays pseudomorphic to feldspar laths. (B) Zoomed image of the same grain showing the
partial replacement of feldspar grains by fine-grained clays.
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Appendix B continued

Figure A3. Basalt flow capping the volcanic member of the Browns Hole Formation. (A)
full thin section image. Note the vesicles lined with feldspar, hematite, and filled with
quartz. (B) XPL image of the feldspar groundmass with irregular pockets of fine-grained
clay and hematite. (C) XPL and PPL (inset) of another area of the groundmass showing
rounded pockets of feldspar, reminiscent of lapilli, that are lined with fine-grained
hematite.
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Appendix B continued

Figure A4. Iron-oxide cement in the Terracotta member of the Browns Hole Formation.
XPL and PPL (insets) thin section images of sample AP17 66MF 14, from the
Terracotta member of the Browns Hole Formation. (A) Fine-grained, dendritic iron-oxide
cement, surrounding rounded quartz grains. (B) Fine-grained iron oxide cement lining
sub-rounded quartz grains. Note the fractures in several quartz grains that are filled with
fine-grained iron-oxide cement.
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Appendix B continued

Figure AS. Abundant clay cement in the Geertsen Canyon Formation. (A) Sub-rounded
quartz grains surrounded by fine-grained cements. Note the cracked quartz grains filled
with fine-grained clay. (B)
Partially degraded feldspar grain
surrounded by and infilled with
fine-grained clay cements. (C)
More intact but mottled feldspar
grain still surrounded by fine-
grained clays. Note, in all three
images, the appearance of more
sutured quartz grains compared to
sandstone samples from the
Mutual and Browns Hole
formations.
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Appendix C. Additional BSE images of monazite grains

Figure A6. BSE images of additional monazite grains. (A) Group 1 monazite grain (m3;
white) from sample AP17 66MF 5 found between quartz grains (dark grey) with
hematite cement (medium grey) and titanite grain (light grey). (B) Also from sample
AP17 66MF 5, Group 3 detrital monazite (m4) entirely encased in an angular, pitted
quartz grain. (C) Euhedral Group 1 monazite grains (m5) from the same sample. Grains
are surrounded by fine-grained clays. (D) Euhedral Group 1 monazite grains (m6)
surrounding an angular, pitted quartz grain in the same sample. (E) Additional example
of euhedral monazites (m7) surrounding an angular, pitted quartz grain from the same
sample. (F) Small, Group 2 monazite grains (m5) from sample AP17 66MF 11
surrounded by fine-grained clays and adjacent to a partially degraded feldspar grain.

100 pm BSE 15 kV/

100 pm BSE 15KV, .
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Appendix D. PHREEQC input file
Used with Lawrence Livermore National Laboratory database (IInl.dat)

SOLUTION 1 Pure Water

temp 25

pH 7

pe 4

redox pe

units mmol/kgw
density 1

-water 1 # kg

EQUILIBRIUM PHASES 1
co2 (qg) -1.0 10

SAVE SOLUTION 1
END

REACTION TEMPERATURE 1
25 200 in 5 steps
EQUILIBRIUM PHASES 2

Albite 0 10
K-feldspar 0 10
Quartz 0 10

Hematite 0 10
Tremolite 0 10

USE Solution 1
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