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ABSTRACT

The Thermal Evolution of the Ouachita Orogen, Arkansas and Oklahoma from Quartz-
Calcite Thermometry and Fluid Inclusion Thermobarometry. (December 2011)
Jennifer Ann Piper, B.S., San Diego State University

Chair of Advisory Committee: Dr. David Wiltschko

To understand the fluid temperature and pressure during the Ouachita orogeny,
we used isotopic analysis of syntectonic veins and adjacent host material, quartz-calcite
oxygen isotope thermometry and fluid inclusion analysis. The veins were at or near
isotopic equilibrium with their host rocks; neither the host nor veins has been
isotopically reset. The average isotopic variation in 8*°0 between vein and host is 2.4 +
1.7%o0 and 0.7 £ 1.7%. for quartz and calcite, respectively. The temperature of vein
formation from quartz-calcite oxygen isotope thermometry is about 210°-430°C.
Although this is a large range, the temperature does not vary systematically in the
exposed Ordovician through Mississippian rocks. The lack of isotopic difference
between host and vein suggests that the host oxygen determined that of the veins. This in
turn suggests that the fluid in the rocks did not change regionally. The vitrinite
reflectance/temperature of the host rocks increases with restored stratigraphic depth
more than that calculated with the quartz-calcite thermometer in veins. Fluid inclusion
analysis in vein quartz constrains homogenization temperatures to be from 106°-285°C.

Isochores from fluid inclusion analyses were constrained using quartz-calcite



thermometry and vitrinite reflectance temperatures to calculate vein formation pressures
of 0.3—-4.7 kbars. These pressures correspond to vein formation depths up to 19 km,
assuming an unduplicated stratigraphic section. Using burial curves and a reasonable
range of geothermal gradients, vein formation ages are between 300 to 315 Ma, i.e.,

Early to Middle Pennsylvanian.
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1. INTRODUCTION

Understanding the thermal history of the Carboniferous Ouachita orogeny in
Arkansas and Oklahoma is a challenge due to an apparent Cretaceous heating event
(Arne, 1992; Winkler et al., 1999). Specifically, apatite fission track dates from the core
of the orogen are middle to late Cretaceous, rendering low-temperature
thermochronometers useless in determining the timing and thermal conditions during the
Ouachita orogeny (compare Burtner et al., 1994; Fuller et al., 2006).

Although directly dating the thermal history of the Ouachita orogeny might be
out of reach at present, determining the temperature and pressure during deformation
lends itself to several approaches. Houseknecht and Matthews (1985) and Guthrie et al.
(1986) determined the thermal maturity of the Ouachita strata to be ~ 279° - 397°C using
vitrinite reflectance and illite crystallinity, respectively. Richards et al. (2002) and
Cervantes and Wiltschko (2010) conducted stable isotope analyses on vein and host
material and report an average difference of 2.4 + 1.6%o and ~2%o, respectively. Using
quartz-calcite isotope fractionation of cogenetic minerals Richards et al. (2002)
determined that the temperature of vein formation was 83° - 385°C, using the
calibrations of Clayton et al. (1989) and Sharp and Kirschner (1994). Homogenization
temperatures from fluid inclusions are reported to be between 120° - 267°C (Engel,

1952; Konig and Stone, 1977; Keller et al., 1985; Shelton et al., 1986; Cervantes and

This thesis follows the style of the Journal of Structural Geology.



Wiltschko, 2010). However, as all fluid inclusion fillings found to date are aqueous fluid
and vapor, an independent pressure constraint is needed to determine the temperature
(e.g., Roedder, 1984). Shelton et al. (1986) used conodont color alteration indices to
constrain a pressure of vein formation of 1.9 kbar.

The purpose of this study is to determine the formation temperature and pressure
of syntectonic veins in the oldest and most intensely deformed rocks exposed in the
Benton and Broken Bow uplifts of Oklahoma and Arkansas. We do this by integrating
the published thermochronology, thermal maturation and isotopic data referred to above
with new quartz-calcite thermometry and fluid inclusion results.

We proceed in the following way. Published thermal maturation data provide the
maximum temperatures for the host rocks. Vein precipitation temperatures are
determined from the quartz-calcite thermometer. If the host and vein temperatures are
the same, then host and vein thermal histories may be the same. Next, the vein
temperatures are used to constrain the pressure of vein formation from fluid inclusion
isochores. The resulting pressures are then compared to the pressure calculated from the
reconstructed overburden. If we assume overburden is normal stratigraphic thickness
without structural thickening, we can infer a depth at the time of vein formation.
Alternatively, we can test whether the no structural stacking assumption is correct.
Finally, we convert the vein temperature and pressure to burial depth and find the times

during the burial history of the Ouachitas when the veins could have formed.



2. GEOLOGIC BACKGROUND

2.1. Regional Setting

The Ouachita orogen is part of a series of exposures of Paleozoic rocks that
extends from the southwestern edge of the Appalachian Mountains to Arkansas
(Ouachita Mountains), through Texas (Marathon uplift) and into Mexico (Fig. 1). The
subsurface connection between these exposures has been established by reflection
seismic and drilling and is located schematically on Figure 1 as the “Frontal Thrust
Belt”. The orientation of these exposures defines the trend of a late Paleozoic collisional
belt (e.g., Stone et al., 1982; Arbenz, 1989; Nielsen et al., 1989; Viele and Thomas,
1989; Poole et al., 2005). We refer to this orogen collectively as the Ouachita-Marathon
collision belt (OMCB). The Wichita Mountains, Arbuckle Mountains and Llano uplift
are in the foreland, cratonward of the OMCB (Fig. 1). We define the Ouachita core as
the oldest and hottest exposed rocks in the Benton and Broken Bow uplifts of
southwestern Arkansas and southeastern Oklahoma (Fig. 1, 2). Today, post-orogenic
Permian, Mesozoic and Cenozoic rocks of the Mississippi Embayment and the Coastal

Plain onlap separate exposures of the OMCB.

2.2. Tectonic History
The tectonic history of the Ouachita orogen is not well understood because much
of the rock record is buried beneath the post-orogenic Mississippi Embayment and

Coastal Plain onlap. Most workers agree that the Appalachian and OMCB lie along the



early Paleozoic southern margin of the North American continental crust, which was
shaped by the breakup of Rodinia (e.g., Keller and Cebull, 1973; Cebull et al., 1976;
Stewart, 1976; Thomas, 1976; Kruger and Keller, 1986; Arbenz, 1989; Nielsen et al.,
1989; Viele and Thomas, 1989; Thomas, 1991; Poole et al., 2005). From the late
Cambrian to early Mississippian the Ouachita region of Laurentia was a south-facing,
passive continental margin (e.g., Nelson et al., 1982; Lillie et al., 1983; Arbenz, 1989).
Sedimentation rates abruptly increased in the adjacent foreland basin during the middle
Mississippian, which is taken as the onset of the Ouachita orogeny (e.g., Dickinson,
1974; Arbenz, 1989; Morris, 1989; Viele and Thomas, 1989). The orogeny was caused
by the collision of the North American plate with an unknown landmass that has been
variably identified as Gondwana (e.g. Arbenz, 1989; Whitaker and Engelder, 2006), a
volcanic arc (e.g. Graham et al., 1975) or an unknown continent (e.g., Briggs and
Roeder, 1978; Nelson et al., 1982; Lillie et al., 1983). During the orogeny, turbiditic and
hemipelagic muds and silts accumulated in basins adjacent to the OMCB (e.g., Viele and
Thomas, 1989). Syntectonic sediments deposited in the foreland basin to the north of the
Ouachita orogen are now part of the Arkoma basin. Seismic reflection profiles show that
7-12 km of sediments exist south of the exposed Ouachita orogen (Figure 3; Nelson et
al., 1982; Lillie et al., 1983). High sedimentation rates continued until the early Permian,
which is when deformation is believed to have ended (Nelson et al., 1982; Lillie et al.,
1983; Viele and Thomas, 1989).

The Ouachita core is defined as a north-northeast trending anticlinorium defined

by the Benton and Broken Bow uplifts (Figs 2 and 3). The predominant structures in the



Ouachita core are north to northwest verging thrust sheets and upright to recumbent
folds (e.g., Poole et. al., 2005; Whitaker and Engelder, 2006). Locally, thrust faults are
overturned on the north flank of the uplifts (e.g., Haley and Stone, 1996). Paleozoic
rocks in both the Broken Bow and eastern portion of the Benton uplifts have undergone
greenschist grade metamorphism and are characterized by extensive veining (e.g.
Honess, 1923; Goldstein and Reno, 1952; Nielsen et al., 1989; Viele and Thomas, 1989).
The rocks in the Benton uplift experienced post-orogenic extension, as indicated
by late normal faults that offset Paleozoic rocks in the subsurface (e.g. Hildenbrand et
al., 1982; Lillie et. al., 1983; Kruger and Keller, 1986). Some workers attribute normal
faulting to rifting during the opening of the Gulf of Mexico in the late Permian to
Triassic (e.g. Lillie et. al., 1983). Finally, the late Paleozoic rocks were buried by
Cretaceous to Quaternary sediments along the Gulf Coast and in the Mississippi

Embayment (e.g. Curtis, 1991).

2.3. Stratigraphy

As shown in Figure 4 the sediments may be divided into pre- and syn-orogenic
deposits (e.g. McBride, 1975; Stone et al., 1982; Lowe, 1989; Poole et. al., 2005). Pre-
orogenic sediments include Ordovician through lower Mississippian strata (Collier Shale
through Arkansas Novaculite). These sediments consist of carbonate shelf to abyssal
plain deposits that accumulated at low sedimentation rates (e.g. McBride, 1975). Syn-
orogenic sediments include Mississippian through middle Pennsylvanian strata (Stanley

Shale through the Atoka Formation) and are dominated by deep-water flysch deposits



(e.g. Johnson et al., 1988; Morris, 1989). During this phase, large amounts of clastic
sediment were deposited as turbidite fan complexes (e.g. Arbenz, 1989). The transition
from pre- to syn-orogenic sedimentation is marked by an increase in sedimentation rates
(e.g. Arbenz, 1989; Viele and Thomas, 1989) at the basal contact of the Stanley shale.
This contact is not easily identified in outcrop due to both the amount of shortening and

the lack of exposure.

2.4. Veins

There are two broad types of veins in the Ouachitas; generally small syntectonic
veins and large commercial (post-tectonic) veins filled with prismatic clear quartz and
milky calcite crystals. Veins are found in Ordovician to Mississippian shales, limestones
and sandstones of the Benton and Broken Bow uplifts. The most heavily veined portions
of the Ouachita core form a ~50 - 65 km wide by 270 km long region that has been
termed the vein-quartz belt (e.g. Miser, 1943, 1959; Richards et al., 2002; Fig. 2).

Syntectonic veins contain milky quartz with varying amounts of calcite, mica and
feldspar. They are small, < 1 cm to ~ 5 cm in width, with fibrous to blocky textures.
Syntectonic veins are slightly to highly deformed and tend to follow the orientation of
nearby structural features (e.g. Honess, 1923; Stone and Haley, 1994). Vein deformation
includes, but is not limited to, faulting, folding and internal crushing. Other evidence of
syntectonic vein formation is calcite twinning seen in thin sections. There does not

appear to be a regional or stratigraphic pattern to vein deformation intensity.



Commercial veins are vuggy, up to 30 m wide, with large, clear quartz crystals
that are mined and sold worldwide (e.g. Engel, 1952; Stone and Haley, 1994). They are
undeformed and crosscut structural features from the Ouachita orogeny, meaning that
they are post-tectonic (e.g. Miser, 1943; 1959). The precise age is unknown. Other
studies have acknowledged the different types of veins but do not specifically state
which were analyzed or how they determined which are which (e.g., Shelton et al., 1986;
Richards et al., 2002).

The timing of syntectonic veins is not certain but is believed to be late in the
Ouachita orogeny because they are mostly mildly deformed while their host rocks are
more highly deformed (e.g. Honess, 1923; Stone and Haley, 1994). There are two sets of
dates for Ouachita veins. Bass and Ferrara (1969) dated adularia in veins from the
Ouachitas using Rb-Sr and K-Ar and obtained ages of 287 - 279 Ma and 214 - 190 Ma,
respectively. They combined these ages with isotopic, stratigraphic and structural data
and reported an overall age of formation of late Pennsylvanian to early Permian (Bass
and Ferrara, 1969). Similarly, Shelton et al. (1986) dated adularia from veins in the

Womble shale using K-Ar and obtained an age of 262 Ma.



3. PREVIOUS WORK ON THE THERMAL REGIME

3.1. Vitrinite Reflectance

The first constraints on the thermal state of host rocks making up the Ouachita
orogen were determined using vitrinite reflectance (Houseknecht and Matthews, 1985;
Guthrie et al., 1986). Vitrinite reflectance yields the thermal maturity of organic matter
in sedimentary rocks based on the light reflectance of vitrinite found in coal or other
organic matter. The vitrinite group of kerogen is used because it is sensitive to small
temperature changes and its optical properties change uniformly during catagenesis (e.g.
Dow, 1977). Ro refers to the ‘percent reflectance in oil’ because the measurements are
made with oil immersion objectives on a reflecting microscope (e.g. Dow, 1977; Heroux
etal., 1979).

Vitrinite reflectance data from the Ouachita orogen reveal a large range in
thermal maturity both geographically and stratigraphically (Houseknecht and Matthews,
1985; Guthrie et al., 1986). Rocks from the Benton uplift have a higher thermal maturity
(Ro = 2.5 - > 4.0%) than those in the Broken Bow uplift (Ro = < 2.0 - 3.0%; Fig. 5).
Using the vitrinite maturation model of Price (1983), the Ro values are equivalent to
maximum paleotemperatures of 308°- 370°C and 279°- 332°C in the Benton and Broken
Bow uplifts, respectively. The Ro values of pre-Carboniferous strata in the Ouachita
core are 3.0 — 4.9% (Houseknecht and Matthews, 1985), with maximum
paleotemperatures of 332° - 397°C (Price, 1983). Figure 5 shows that Ro values reach a

maximum in the eastern Benton uplift and decrease to the north and south away from the



core in conjunction with decreasing stratigraphic ages of exposed rocks. This pattern in
thermal maturity is believed to be a result of increasing overburden and subsequent
erosion of the Ouachitas from west to east (Byrnes and Lawer, 1999). Byrnes and Lawer
(1999) use 115 well locations and simple burial models to show that Ro increases with

present depth, presumably as a result of stratigraphic burial.

3.2. Apatite Fission Track Dating

Apatite fission track (AFT) ages from the Ouachita orogen are up to 100 Ma
younger than the depositional age of the unit from which the apatite grains were sampled
(e.g. Arne, 1992; Corrigan et al., 1998; Winkler et al., 1999). Winkler et al., (1999)
constructed a thermal history model for the Ouachita, Marathon, Llano, Arbuckle and
Wichita exposures using AFT data. Their thermal history model, shown in Figure 6, is
made to fit data from both the foreland basin (Llano, Arbuckle and Wichita) and the
OMCB 40 to 400 km away. The model starts with the assumption that rocks in the
foreland basin were near the surface in the early Permian (Winkler et al., 1999). AFT
data from the foreland suggest that these rocks were heated above the apatite partial
annealing zone after the Ouachita orogeny, ~300 - 270 Ma (Winkler et al., 1999). AFT
data from the OMCB suggest that there was significant cooling in the Late Jurassic to
the early Cretaceous (to ~20°- 30°C), coincident with the opening of the Gulf of Mexico
(Arne, 1992; Winkler et al., 1999). This cooling was followed by middle to late
Cretaceous heating (up to ~80°C), then Tertiary cooling to the present (Winkler et al.,

1999).
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Middle to late Cretaceous heating is based on fission track length and age data
from the Marathon and Benton uplifts in the OMCB (Winkler et al., 1999). AFT data
provide no constraints on the thermal history of these areas prior to the late Jurassic
(Winkler et al., 1999). This means that the extent and timing of Pre-Jurassic heating is
not known in the OMCB.

These heating events are not evident throughout the Appalachian Mountains. For
example, AFT data from the central Appalachians (Pennsylvania, Maryland, West
Virginia and Virginia) suggest a thermal history that starts with heating during the late
Permian (~250 Ma) and slow cooling to the present (dashed lines in Figure 6) (e.g.
Roden and Miller, 1989; Roden, 1991; Blackmer et al., 1994). Figure 6 shows that the
thermal histories of the Ouachitas and the central Appalachians reasonably coincide
from the Permian until the early Cretaceous (e.g. Roden and Miller, 1989; Roden, 1991,
Blackmer et al., 1994; Winkler et al., 1999). The two regions differ in the early
Cretaceous when the Ouachitas experienced a second heating while the central
Appalachians continued to cool (Figure 6). Comparison to the central Appalachians is
hampered by geographic distance and varying geology, making any comparison of
thermal histories tentative at best. However, Naeser et al. (2006) report regional cooling
in eastern Tennessee and the western Carolinas beginning no later than the late Triassic
to early Jurassic and continuing through the Cretaceous, similar to the central

Appalachians.
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3.3. Stable Isotopes

Richards et al. (2002) show that isotopic values from the Ouachita veins and
adjacent hosts they studied vary by lithology. Specifically, §'%0 values of veins and their
hosts are similar in quartz-rich units (Arkansas Novaculite, Blaylock Sandstone, Polk
Creek Shale and Bigfork Chert; see Fig. 4). Similarly, 5*C values of veins and their
hosts are similar in calcite-rich units (Stanley, Womble and Mazarn Shales). The vein-
host similarity suggests that the source of vein C and O is the adjacent host for calcite-
and quartz-rich lithologies, respectively. On the other hand, there is significant
variability between vein and host "0 values in calcite-rich lithologies. For these
reasons, Richards et al. (2002) postulated a complex fluid flow model with a distal
source that diffused through the host rock, causing the isotopic values of the veins to
reflect those of the host in some cases and a shift in others.

Richards et al. (2002) also use quartz-calcite isotope fractionation to calculate
vein formation temperatures of 265° - 385°C using the equation from Sharp and
Kirschner (1994) and 83° - 163°C using Clayton et al (1989). The differences in the
computed temperatures are a result of the different fractionation factors used in the two
studies for quartz and calcite. Which equation is preferable is an open question. Each

one is discussed in detail in section 5.4 below.

3.4. Fluid Inclusions
Early studies of fluid inclusions in the Ouachita orogen provide homogenization

temperatures but were not able to obtain formation pressure or temperature because
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independent constraints were unavailable. Engel (1952) reports homogenization
temperatures of 120° - 175°C from vein quartz in commercial quartz crystal mines.
Konig and Stone (1977) report homogenization temperatures of 190° - 267°C from fluid
inclusions in milky quartz veins in the northeastern frontal Ouachitas. Keller et al.

(1985) report homogenization temperatures of ~200°C from fluid inclusions in quartz
veins within the Arkansas novaculite of the Benton Uplift. Homogenization temperatures
from an outcrop in Hot Springs, AK range from 103° - 247°C (Cervantes and Wiltschko,
2010). Unfortunately, homogenization temperatures alone do not tell us much about the
thermal history of vein formation, as they can only provide an isochore with a range of
possible formation temperatures and pressures.

In order to constrain both temperature and pressure, an independent estimate of
one or the other is needed. A study by Shelton et al. (1986) combines homogenization
temperatures from fluid inclusions with an estimate of the maximum burial temperature
from conodont color alteration indices (CAIl). The CAl is an experimentally determined
color scale for the maximum temperature of exposure. The color changes are calibrated
at 50°C increments from 300°- 600°C (Rejebian et al., 1987; Helsen et al., 1995).
Shelton et al. (1986) report homogenization temperatures from veins within the Womble
Shale near Lake Ouachita of 131° - 157°C with salinities between 0.9 and 3.7 wt% NaCl
equivalent. The maximum temperature of the host was constrained to ~300°C by the
conodont CAI. With this maximum temperature constraint, Shelton et al. (1986)
computed a maximum pressure of vein formation of 1.9 kbar. This corresponds to a

maximum depth of ~7.6 km, assuming lithostatic pressure (Shelton et al., 1986).
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4. SAMPLES AND METHODS

4.1. Sample Collection

To further constrain the thermal evolution of the Ouachita orogen, we sampled
syntectonic veins and their adjacent host rocks from Ordovician to Pennsylvanian rocks
throughout the Ouachita orogen in Arkansas. Sample locations are shown in Figure 2.
We concentrated on thin (< 1 cm to ~ 5 ¢cm) veins that were deformed (folded, faulted)
or were structurally related to the larger structure that contained them. Because nearly all
veins display wall-normal dilation, veins oriented either normal or parallel to fold axes
were preferred over those at other orientations. In some cases, it was difficult to
determine in the field if a vein was syntectonic, but care was taken not to sample any of
the vuggy, undeformed commercial veins. Due to the quality of exposure, most samples
came from road-cuts and lakeside outcrops. Additional outcrops were found using
sample localities of Richards et al. (2002). Veins containing both quartz and calcite are
rare to the north and south of the Ouachita core. In total, fifty-seven samples were
collected along the east-west trend of the Ouachita core, twenty of which have both

quartz and calcite.

4.2. Vein Texture: Optical and X-Ray Fluorescence Methods
Standard thin sections and X-Ray Fluorescence (XRF) were used to determine if
quartz and calcite are co-genetic and therefore suitable for the quartz-calcite

thermometer. In addition to petrographic thin sections, seven typical samples were
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slabbed and element maps were produced on the Horiba XGT-7000 X-ray fluorescence
micro-analyzer (XRF) at Texas A&M University. The XRF is capable of semi-
quantitative and quantitative imaging of elements from Na to U in samples with
dimensions up to 5 x 5 x 3 cm. It has a spot size of 10 or 100 um and a detection limit of
50 - 100 ppm for Na to U. All samples were cut to the above dimensions or smaller and
were analyzed using a spot size of 100 um. The XRF records a full elemental spectrum
in each pixel of the selected sample area. The elemental maps are 2.5 cm®. Image J
software was used to combine black and white images of single elements from the XRF

into a colored image displaying all of the elements of interest.

4.3. Stable Isotopes

Stable isotope analyses of carbon and oxygen in quartz and calcite were
measured from veins and their adjacent host rocks throughout the Ouachitas. For calcite
analysis, 10 mg of calcite was drilled from both the vein and the host material using a
micro-drill. Sixty samples were then weighed and analyzed on the MAT 253 isotope
ratio mass spectrometer (IRMS) using a Kiel automated carbonate reaction system in the
Texas A&M University Stable Isotope Geoscience Facility. For quartz samples, at least
30 mg of quartz was chipped out from grains adjacent to the sampled calcite grains. For
thin veins with small crystals, several quartz grains were sampled to get the required
sample size. Forty-six samples were crushed to a fine sand grain size (125 - 250 pm)
using a marble mortar and pestle. Clay particles were removed using forceps under the

microscope. The quartz samples were treated with 0.6 N HCI two to three times for
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decarbonization. Once dry, the samples were run through the O, extraction line

following the method of Clayton and Mayeda (1963), and analyzed on the Finnigan

MAT 252 IRMS in the Stable Isotope Laboratory at Southern Methodist University.
Stable isotope compositions are reported as 6-values defined by,

8 = (Rsample/Rstandard -1) X 1000 (1)
where R is either **0/*°0 or **C/*2C relative to Vienna Standard Mean Ocean Water
(VSMOW) for oxygen and Peedee belemnite (VPBD) for carbon. Replicate analyses of
the carbonate standard NBS-19 gave average values of §*°C = 1.95 + 0.03%o and §'%0 =
28.6 + 0.09%o. Replicate analyses of the quartz standard NBS-28 gave an average 5'%0
of 9.6 £ 0.15%o. These uncertainties are based on the standard deviation (1) of the

replicate standards.

4.4. Fluid Inclusions

Primary fluid inclusions (Roedder, 1984) from ten samples were measured in
order to obtain the composition and density of the fluid present during vein formation.
The phase transition temperatures of 242 fluid inclusions were measured on polished
thick sections using a heating and cooling stage (Werre et al., 1979). These temperatures
were then compared to experimentally determined phase relations for various fluids and
mixtures to determine the compositions and densities of the fluid inclusions. Melting
temperature (Ty,) is most closely related to salinity and the homogenization temperature
(Th) is related to density. With this information an isochore (a range of pressure and

temperature conditions under which the fluid inclusions could have formed) was
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constructed for each sample using the methods described by Mao and Duan (2008).
Salinities, compositions and isochores were determined using online fluid inclusion
analysis software from The Zhenhao Duan Research Group (http://calc.geochem-
model.org/Pages/H20NaCl.aspx). Quartz-calcite isotope thermometry and vitrinite
reflectance values were used as independent temperature constraints in order to identify

the range of pressure conditions possible for vein formation in the Ouachitas.

4.5. Vitrinite Reflectance Temperature Calculation

A vitrinite reflectance (Ro) value for each of our samples was obtained by
extrapolating values from the Ro contour map of Houseknecht and Matthews (1985). For
each data point the Ro value was estimated with an assumed error of + 0.5%. We choose
this error because the Ro contour interval on the map is 1.0%. The Ro values for each
sample were then converted to maximum temperatures using the relationship of Price
(1983). These temperatures are used to constrain the maximum host rock temperature
and are used to calculate maximum depths for different geothermal gradients. The
maximum depths for the host rocks also give the maximum depth possible for vein
emplacement. These temperatures can also be used with fluid inclusion isochores to
predict the maximum pressure of vein formation, assuming that the vein and host rock
are in equilibrium,

Vitrinite reflectance values may be converted to maximum temperatures by using
a vitrinite maturation model. The vitrinite maturation model of Price (1983) is based on a

linear regression analysis of vitrinite reflectance versus burial temperatures from several
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sedimentary basins throughout the Texas — Louisiana Gulf Coast. Price (1983) shows
that the correlation coefficient between Ro and burial temperature in Gulf Coast basins is
0.97. The least-squares fit for data compiled by Price (1983) is

T =302.97 logio R, + 187.33 (2)
where T is temperature in °C. The conversion of R, values to temperature only provides
a maximum temperature. It does not provide information on the timing or duration of the
heating and cannot distinguish between multiple and single heating events. Rocks that
experienced high temperatures for a short duration can display the same reflectance
values as rocks that were exposed to lower temperature for longer periods of time (Price,
1983). Data in Price (1983) suggests that rocks held at temperature less than 1 m.y. do
not subsequently change Ro. Therefore, events shorter than 1 Ma cannot be resolved.

For the rocks of the Ouachitas, this kinetic lag effect is judged as insignificant.
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5. RESULTS

5.1. Vein Texture and Quartz-calcite Equilibrium

Quartz-calcite isotope thermometry requires that mineral pairs be co-genetic
(Clayton et al., 1989; Sharp and Kirschner, 1994). Thin section and X-ray fluorescence
analysis were used to determine if quartz and calcite are in textural equilibrium and
hence, more likely also to be in isotopic equilibrium.

Thin section observations confirm the presence of varying amounts of quartz and
calcite (Fig. 7) with blocky (Fig. 7A-F) to fibrous (Fig. 7G) textures. Thin section
observations also show that quartz and calcite are intimately related and have both sharp
(Fig, 7A) and feathered grain boundaries (Fig. 7B). It is possible that quartz and calcite
are not cogenetic but most textural observations support equilibrium growth
(interdigitated quartz and calcite grains). All of the vein samples observed in thin section
have evidence of deformation, be it calcite twinning (Fig. 7C-D) or healed fractures in
quartz grains (Fig. 7E-F). Although the timing of mechanical twinning is not known, the
existence of twinned calcite grains supports the interpretation that the veins containing
these grains are pre- or syn-tectonic.

Figure 8 displays seven typical vein XRF element maps and photos of their
corresponding hand specimens. For our purposes the element calcium is representative
of calcite and silicon represents quartz. The XRF images show quartz veins (Fig. 8C-D),
calcite veins (Fig. 8E) and mixtures of both (Fig. 8A, B, F, G). The trend of changing

composition from the vein-host wall to the vein center is also observed in the XRF
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images. For example, sample E in Figure 8 is a calcite vein with quartz crystals along the
vein-host boundary and sample G is mostly quartz with calcite crystals along the vein-
host boundary. Overall, the veins we sampled display textures in both thin section and

XRF that supports co-precipitation of quartz and calcite.

5.2. Stable Isotope Analysis

One hundred and forty isotope analyses were conducted from quartz and calcite
veins and their adjacent host rocks from throughout the Ouachita orogen (Fig. 9; Table
1). Our data are represented by the black-filled symbols in Figure 9, and the data of
Richards et al. (2002) are shown as gray-filled symbols for comparison. Overall, all of
our carbonate isotopic data lie within one standard deviation of the mean isotope values
of Richards et al. (2002). The §*%0 values of vein and host quartz are within two
standard deviations of the mean reported by Richards et al. (2002; see Table 2).

The 820 values of samples for which both vein and host quartz were measured
have a range of 14.9 - 19.3%o and 13.7 - 16.5%o, respectively, and are shown as the
black-filled symbols in Figure 9A. For some samples quartz was measured in the vein or
host but not both. These samples have a range of §*°0 values of 13.7 - 25.0%o for veins
and 11.8 - 16.5%o for host. Samples that fall on the 1:1 line in Figure 9A have equal vein
and host 5'%0 values. By contrast, the best-fit line through all of the data has a slope of
0.69 and a R? value of 0.72. Most vein &'%0 values are slightly heavier than the adjacent
host, with an average difference of 2.4%o (also shown in inset histogram). The difference

can be as large as 7.6%o and is greatest for samples with the isotopically lightest host.
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The 820 values of vein and adjacent host calcite range from 14.0 - 21.4%o and
15.1 - 21.8%o, respectively (black-filled symbols, Fig. 9B). The mean vein calcite is
lighter than mean vein host with an average difference of 0.71%o (Fig. 9B).

The 8*3C values of vein and host calcite in Figure 9C range from -4.2 - 0.9%o and
-5.2 - 1.0%o, respectively. One sample from this study (AR112) and three from Richards
et al. (2002; Ms5-1V1, Ms5-1V2 and Ms5-2) have host calcite §'*C values that are less
than -10%e.. These outliers are plotted in the inset graph of Figure 9C and are not
included in the above data ranges. All of theses samples are from the same outcrop near
Hot Springs, AR (see Fig. 2). The conclusion from Figure 9C is that all vein and
adjacent host 83C are generally equal with an average difference of 0.38%o.

The 80 difference between vein calcite and adjacent host calcite is about the
same as the 8*3C difference (Fig. 9D). The largest variation between host and vein
calcite §'®0 and 8"3C is observed in shale dominated host rocks and is up to ~7%o and
~4%o, respectively (Fig. 9D).

The 8*20 fractionation between quartz and calcite in this study ranges from -5.3 -
3.8%o (Fig. 9E). For reference, we have plotted on Figure 9E a line with slope of 1 that
represents equal quartz and calcite 5'®0. Quartz-calcite values that fall below this line
represent positive fractionation in 520 between these two minerals. Of the 33 mineral
pairs we analyzed, 52% display positive fractionation. Our samples with positive quartz-
calcite fractionations yield fractionations between 0.8 - 3.8%o, averaging 1.9%o (Fig. 9F).

When the data of Richards et al. (2002) are combined with our data, the positive §'°0
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fractionation between quartz and calcite ranges from 0.8 - 4.4%, with an average of
2.4%0. With the larger data set, 99 mineral pairs were analyzed and 77% yielded a

positive fractionation.

5.3. Quartz-calcite Thermometry

To determine the temperature of vein formation we use the quartz-calcite
thermometer. The oxygen isotopic fractionation between quartz and calcite at
equilibrium is temperature dependant. Because quartz prefers heavier oxygen isotopes
than calcite during co-genetic crystallization (*°0 versus *°0), veins with a positive
quartz-calcite isotopic fractionation are consistent with both minerals precipitating in
equilibrium with the same fluid (e.g. O’Neil, 1986; Zheng, 1993; Sharp, 2007). This
fractionation results from differences in bond strength of the oxygen isotopes, in
particular the heavier isotope (**0) will form a stronger bond and will have a higher
bond energy (e.g. Sharp, 2007). Bond strengths are higher for the lighter elements,
which is why quartz, mostly **Si, contains heavier isotopes than calcite, mostly *’Ca
(Zheng, 1993; Sharp, 2007). The oxygen fractionation is used to calculate the
temperature of formation of the quartz-calcite mineral pair.

There are several equations in the literature used to calculate precipitation
temperatures from quartz-calcite oxygen isotope fractionation. The two most commonly
used relations are the experimentally derived equation from Clayton et al (1989) and the
empirically derived equation from Sharp and Kirschner (1994). These two equations

yield significantly different fractionation factors, which lead to significant differences in
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temperature estimates and interpretations. The empirical relation of Sharp and Kirschner
(1994) was calibrated using measured quartz and calcite 8*°0 values from low-grade
metamorphic rocks in the Swiss Alps with independently determined formation
temperatures. Their equation is

1000 In aoc = 0.87 x 10° T (3)
where aqc is the fractionation factor for quartz-calcite equilibrium
[(**0/*°0) quartz/ (**0/*°O)carcite] and T is temperature in °K. The term 1000In aqc is
approximated by 8'®Oquartz - 8'®Ocacite. The experimentally determined relation of
Clayton et al. (1989) is

1000 In aoc = 0.38 x 10° T (4)
This relationship was derived from direct-exchange experiments between calcite and
quartz at specified temperatures. The discrepancy between these calibration methods is
an ongoing debate. As discussed by Sharp (2007), some workers believe that the field
calibrated technique is correct while others favor the laboratory experiments. At this
point, it is unclear which method is best, therefore temperature ranges from both will be
presented.

Formation temperatures were calculated from samples with positive quartz-

calcite fractionation values. Negative fractionation indicates that the two minerals did
not precipitate from the same fluid at the same temperature (O’Neil, 1986; Zheng, 1993;
Sharp, 2007). Samples with negative fractionations occur throughout the Ouachitas and
are not limited to one specific area or formation. Disequilibrium between quartz and

calcite can occur when calcite is formed as a secondary mineral or is reset by isotope
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exchange with water of different isotopic composition after formation (Kirschner et al.,
1995). Some of the calcite samples with negative quartz-calcite fractionations appear
weathered, which could affect the isotopic composition and negate quartz-calcite
equilibrium. However it is often difficult, if not impossible, to identify which samples
have equilibrium quartz and calcite from hand specimens alone. Separating samples by
positive and negative quartz-calcite fractionations is one more way to improve the
confidence in having done so.

The Clayton et al. (1989) equation yields precipitation temperatures of 47° -
415°C and the Sharp and Kirschner (1994) equation gives precipitation temperatures of
211° - 767°C (Fig. 13). The range of formation temperatures reported by Richards et al.
(2002) is smaller because they only calculated the temperatures for samples with
fractionations of 2 - 3%o. This is the range of the majority of their data and excludes all
outliers. Their reported temperature estimates are 83° - 163°C using Clayton et al.
(1989) and 265° - 385°C using Sharp and Kirschner (1994). These temperature ranges
are meaningful if we assume that all of the veins in the Ouachitas were formed at the
same time and under the same or similar conditions. When all of the data with positive
quartz-calcite fractionations from Richards et al. (2002) are used the temperatures ranges
are 25° - 219°C using Clayton et al. (1989) and 178° - 471°C using Sharp and Kirschner
(1994; Fig. 13).

All of the calculated vein formation temperatures (this study and Richards et al.,
2002) are plotted along trends parallel and perpendicular to the trend of the Ouachita

core in Figure 10. The combined temperatures are 25° - 219°C (Clayton et al., 1989) and
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178° - 471°C (Sharp and Kirschner, 1994) in all locations except for one (Fig. 10). The
anomalous location has temperatures up to 415°C (Clayton et al., 1989) and 767°C
(Sharp and Kirschner, 1994) and includes samples AR81, AR129 and AR130. All of
these samples are from an outcrop approximately 15 km west of Lake Ouachita. The
cause of this high temperature area is unknown. Richards et al. (2002) also have samples
(Oc12) with extremely high formation temperatures from this area, but the samples are
not shown because they have negative quartz-calcite fractionation factors. Excluding the
outliers, the temperature ranges for our data alone are 47° - 191°C (Clayton et al., 1989)
and 211° - 429°C (Sharp and Kirschner, 1994).

Not only do temperatures show no regional variation (excluding the one
anomalous area west of Lake Ouachita), but there is also very little stratigraphic
variation as well. Figure 11 shows the vein formation temperature variation in each
formation with increasing depth. Vein formation temperatures from Sharp and Kirschner
(1994) show similar temperatures in each formation with an average of 321° + 47°C,
(shown by vertical dashed line in Fig. 11). In comparison, vitrinite reflectance
temperatures from host rocks slightly increase with depth (Fig. 11). However, as shown
on Figure 11, the errors in the quartz-calcite thermometry results are large enough to
permit a normal increase in temperature with depth at about 24°C/km. Except for the
topmost thermal maturation determination, the vitrinite reflectance results follow the

same trend.
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5.4. Fluid Inclusions

Two hundred and forty two primary fluid inclusions were measured in quartz
grains from ten samples (Table 3). All fluid inclusions are two-phase water-rich
inclusions with water vapor bubble sizes ranging between 5 - 40% by volume. Fluid
inclusions vary in size (14.7 - 687.2 um?, assuming an elliptical shape), shape (rounded,
elliptical or irregular) and frequency (isolated to densely spaced inclusions). For
example, sample AR115 contains rounded inclusions while sample AR128 has irregular
shaped inclusions (Fig 7H). Fluid inclusions in calcite are too small for fluid inclusion
analysis.

Melting temperatures range from -10.9° to -0.1°C with an average of -3.5° +
2.4°C (Fig. 12A). Homogenization temperatures range from 106° - 285°C with an
average of 176° £ 40°C (Fig. 12B). Fluid inclusion salinities varied from 0.2 - 14.9
weight % NaCl equivalent with an average of 5.5 + 3.4 weight % NaCl equivalent (Fig.
12C). The range in homogenization temperatures for each sample is shown in Figure 13,
with the samples in approximate west (top left) to east (bottom right) order. The average
homogenization temperature slightly increases to the east.

Isochores are plotted for each sample in Figure 14 using the highest, lowest and
average homogenization temperatures for each sample. The range in homogenization
temperatures observed in some samples causes the computed isochors to have varying
slopes. We also see an increase in the dispersion of homogenization temperatures from

west (AR136) to east (AR117). The range in homogenization temperatures for our
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samples is only slightly larger than the previously reported range of 103° - 267°C (Engel,

1952; Konig and Stone, 1977; Keller et al., 1985; Shelton et al., 1986).

5.5. T, P and Depth

By combining quartz-calcite isotope thermometry, vitrinite reflectance
temperatures and fluid inclusion data we can constrain the temperature and pressure
conditions during vein formation. Quartz-calcite 80 fractionations in veins allows for
the temperature of vein formation to be calculated for each sample using the equations of
Clayton et al. (1989) and Sharp and Kirschner (1994). Unfortunately, isotopic
temperatures could not be calculated for all the samples with fluid inclusions due to the
absence of calcite. Only two of the fluid inclusion samples (AR96 and AR142) have
quartz-calcite thermometers that were able to limit the pressure conditions from the
isochors (shown by the stars in Fig. 14). The pressure range for AR96 is 1.6 - 2.5 kbars
(6-10 km) and the pressure range of AR142 is 2.4 - 3.0 kbars (9 - 12 km) using the
quartz-calcite temperatures calculated from Sharp and Kirschner, (1994). The average
pressure range for AR96 is 2.2 kbars (8 km) and 2.7 kbars (11 km) for AR142. The
quartz-calcite temperatures calculated using Clayton et al. (1989) are low, and suggest
formation pressures of zero kbars.

The depths for these pressures were calculated using P = pgz where P is pressure
(N), pis saturated rock density taken as 2.65x10° kg-m™, g is the acceleration due to
gravity (m/s?), and z is depth (m). To use this equation we assume a lithostatic

geothermal gradient (Fig. 15 shows an average lithostatic geothermal gradient of
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~30°C/km). This value was determined by using the quartz-calcite fractionation
temperatures and temperatures calculated from Sharp and Kirschner, (1994) to constrain
the average isochore for each sample.

For samples without quartz-calcite thermometry, vitrinite reflectance (Ro) was
plotted in conjunction with the isochores to constrain the maximum pressure of vein
formation (solid boxes in Fig. 14). For all samples plotted in Figure 14, the temperatures
calculated from Ro ranged from 265° - 376°C, which falls within the range calculated
from quartz-calcite isotope thermometry using the equation of Sharp and Kirschner
(1994). This temperature range can be converted to depth ranges assuming different
geothermal gradients. Using a geothermal gradient of 35°C/km we get depths of 7 - 11
km, using a geothermal gradient of 25°C/km we get depths of 10 - 15 km, and using a
geothermal gradient of 15°C/km we get depths of 17 - 25 km (Fig 16). When
temperatures are constrained to pre-Carboniferous strata (using Ro values of
Houseknecht and Matthews, 1985), the depths and temperatures increase slightly, as
shown by the shaded box in Figure 16.

We also used the Ro temperature to constrain the average isochore of each
sample and obtain an average pressure range of vein formation for each sample. These
pressures (0.3 — 4.7 kbars) were then converted to depths of vein formation (0 — 19 km)
using P = pgz, as was done for the samples with quartz-calcite temperatures. The ranges
of Ro, pressure and depth of each sample seen in Figure 14 are reported in Table 4.

These depths of vein emplacement are plotted on the depth of burial curves in Figure 17
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as bold lines. The calculated depths (via pressure) overlap, indicating an early to middle

Pennsylvanian period of emplacement.
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6. DISCUSSION

6.1. Assumptions and Problems

The results of this study are dependant on a handful of key assumptions in both
the geology and in the methodology used. First, the veins must be cogenetic. A key
assumption for proper interpretation of the temperatures derived from quartz-calcite
isotope thermometry is that both mineral phases co-precipitate from the same fluid. We
assume that there has been no post-precipitation or alteration of the isotopic
compositions. Calcite recrystallization is possible, although the existence of twinning in
calcite means that any recrystallization is pre- or syn-tectonic. Our evidence for co-
precipitation are textural observations from thin sections and XRF element scans. The
fact that the 1000Ina. values for most quartz-calcite minerals pairs are also positive
supports, but does not prove, the conclusion.

The choice of quartz-calcite fractionation equations also makes a large difference
in calculated temperature. There is also a large discrepancy between the Clayton et al.
(1989) and Sharp and Kirschner (1994) temperature estimates. The temperatures derived
from Clayton et al. (1989) are lower than previous thermal estimates and yield vein
formation pressures of zero kbars. These temperatures and pressures do not agree with
previous work but can be accurate if veins formed at the surface. The Sharp and
Kirschner (1994) method yields temperatures most consistent with our results, previous

thermal estimates and the degree of metamorphism observed in the field. We have
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reported both temperature ranges up to this point, but will now use the temperatures of

Sharp and Kirschner (1994) for reasons stated above.

6.2. Fluid Flow

Stable isotope analysis provides a key to understanding fluid flow and source,
and thus the mode of transport for vein-forming material. I1sotopic variability between
host and vein material is an important indication of whether the vein-forming fluid was
in equilibrium with the host or if the vein-forming fluid was allochthonous.

Similar isotopic values between the vein and host suggest that the vein-forming
fluid was is in isotopic equilibrium with the host, where local fluid diffused from the
host pore fluid into the vein precipitation sites (e.g. Durney and Ramsay, 1973; Fisher
and Brantley, 1992). Isotopic differences of 2 - 4% between vein and host rocks has
been interpreted by many workers to be indicative of equilibrium formation (e.g.,
Cartwright et al., 1994; Al-Aasm et al., 1995; Kirschner et al., 1995; Henry et al., 1996;
Kenis et al., 2000; Ghisetti et al., 2001, Richards et al., 2002; Hilgers and Urai, 2002).
For example, vein and host quartz 520 values within 2%, from the Ormiston Gorge in
Australia led Cartwright et al. (1994) to suggest vein-host equilibrium. Similarly,
Kirschner et al. (1995) found quartz-calcite veins from the Morcles Nappe in the Swiss
Alps to have §'0 and §'*C vein-host similarities within 3%o. Also, Ghisetti et al. (2001)
report veins from the central Apennines in Italy to have vein-host %0 isotopic

similarities within 4%o.
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When a vein and host have dissimilar isotopic values, the fluid is considered not
to have formed in equilibrium with the host and may have traveled some distance
through available fluid flow paths (fractures, bulk permeability; e.g. Etheridge et al.,
1983; Rye and Bradbury, 1988; Walther, 1990; Stueber and Walter, 1991; Ferry and
Dipple, 1991). Allochthonous fluids cause large isotopic variations between host and
vein material as reported by several workers (e.g., Dietrich et al., 1983; Rye and
Bradbury, 1988; Shemesh et al., 1992; Kirschner et al., 1993; Hilgers and Urai, 2002).
For example, vein and host differences of 3.1%o in calcite 5*°0 from a thrust fault zone
in the Pyrenees led Rye and Bradbury (1988) to conclude that the veins were formed
from openly circulating fluids. Differences in host and vein quartz §'30 of 7%o from the
Morcles Nappe in the Swiss Alps led Kirschner et al. (1993) to suggest that vein forming
fluid traveled through faults. Similarly, Hilgers and Urai (2002) attributed vein and host
differences up to 9%o in calcite 'O to late forming veins in which the fluid was
infiltrated through normal faults.

Previous work from Ouachita veins near Hot Springs Village, AK show quartz
vein-host §*%0 differences within 2%o, which suggests that vein forming fluid evolved
from local and rock-buffered to a short traveled fluid (Cervantes and Wiltschko, 2010).
For our veins, the average isotopic variation between vein and host 520 is 2.4 + 1.7%o.
The small isotopic differences in vein-host quartz 20 values and the host dominated
isotopic composition in our veins suggest that the vein-forming fluid was at or near

isotopic equilibrium with the host.
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The small isotopic variation between host and vein is also observed in calcite
880 and 8™°C, with average differences of 0.7 + 1.7%o. and 0.4 + 1.6%. for oxygen and
carbon, respectively, for all of the data (Table 2). The difference in vein and host calcite
80 ranges from -3.9 - 7.3%o and is equivalent to a temperature range of ~70°C,
assuming a fluid composition of 19.0 - 30.6%. (VSMOW) for the Ordovician through

Carboniferous (e.g. Veizer et al., 1999; Buggisch et al., 2008; Grossman et al., 2008).

6.3. Vein Emplacement

Syntectonic veins are considered to be late Pennsylvanian to early Permian, as
discussed in section 2.4. This age is further supported by burial curves for selected
formations (Fig. 17). Average structural thicknesses from the Ouachita core were used to
estimate the stratigraphic depth of each formation. It is not known if these thicknesses
are true stratigraphic thicknesses or if structural thickening has occurred. The depths of
vein formation (shown as bolded lines on Fig. 17) were calculated using Ro temperature
constraints on the average isochore of each sample. The burial curves allow us to
constrain the timing of vein emplacement based on when the formation burial curves
coincide with the calculated depths of vein formation. The timing we get from Figure 17
is early to middle Pennsylvanian, which agrees with previous studies (e.g. Bass and
Ferrara, 1969; Shelton et al., 1986).

If these veins are syntectonic, then they could be related to early Permian heating

seen in the AFT thermal history model of Winkler et al. (1999; Fig. 6). The temperatures
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of vein formation we calculated are well above the partial annealing zone and are in
agreement with the AFT model, which shows that the grains were reset at this time.

Vein formation conditions correspond to lithostatic geothermal gradients of ~20°
- 50°C/km, with an average of ~30°C/km (Fig. 20). These values were found by using
the temperatures calculated from Sharp and Kirschner, (1994) to constrain the average
isochore for each sample. We then overlaid various lithostatic and hydrostatic gradients
on the isochors to evaluate which best fit the data. One exception to the trend of
lithostatic vein formation pressures is AR119. This sample corresponds to an average
hydrostatic geothermal gradient of ~35°C/km as is represented by the small shaded box
in Figure 20. The reason for this outlier is unknown, but this sample is the farthest north
of all the samples and lies outside of the Ouachita core, in the youngest and coldest

Ouachita strata.
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7. CONCLUSIONS

1) The appearance of interdigitated quartz and calcite grains in both thin section
and XRF images supports equilibrium growth. Therefore, one of the essential
prerequisites for using the quartz-calcite thermometer in the core of the Ouachita orogen
is satisfied. In addition, the veins are pre- or syntectonic because they contain twinned
calcite grains.

2) The small differences in vein-host isotopic values and the host dominated
isotopic composition in our veins suggest that the vein-forming fluid was at or near
isotopic equilibrium with the host.

3) Using only positive quartz-calcite fractionations, the temperature of formation
for veins ranges from 211° - 429°C (using equation of Sharp and Kirschner, 1994).

4) §'0 and &'°C isotopic values in vein and host quartz and calcite do not
significantly vary regionally or stratigraphically.

5) Vein formation temperatures calculated from quartz-calcite fractionations are
similar in all of the formations , suggesting veins are from the same or slightly changing
fluid source.

6) Fluid inclusion homogenization temperatures range from 106° - 285°C with an
average of 176° £+ 40°C. The average homogenization temperature slightly increases to
the east.

7) The maximum temperature calculated using vitrinite reflectance (Ro) is 265° -

376°C. This is within the range of vein formation temperatures calculated using Sharp



35

and Kirschner, (1994) equation for quartz-calcite isotope thermometry. This Ro
temperature range is equivalent to depths of 10 - 15 km using a geothermal gradient of
25°C/km.

8) The pressure of vein formation from fluid inclusion isochores constrained by
quartz-calcite fractionation and vitrinite reflectance temperatures is 1.6 — 3.0 kbars and
0.3 — 4.7 kbars, respectively. These pressures correspond to depths of 6 — 12 km and O -
19 km, respectively, using P = pgz. Veins formation pressures correspond to an average
lithostatic geothermal gradient of ~30°C/km.

9) The timing of vein emplacement appears to be early to middle Pennsylvanian

based on reconstructed depths of vein formation compared to burial history.
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Fig. 1: Index map of the Ouachita-Marathon collision belt (OMCB) and adjacent areas (after
Arbenz, 1989; and Viele and Thomas, 1989). AB, Arkoma Basin; AM, Appalachian Mountains;
ArM, Arbuckle Mountains; Atf, Appalachian tectonic front; BBu, Broken Bow uplift; Bu, Benton
uplift; BWB, Black Warrior Basin; CBp, Central Basin platform; DRu, Devils River uplift; FWB,
Fort Worth Basin; KB, Kerr Basin; Lu, Llano uplift; MR, Marathon Region; OM, Ouachita
Mountains; OP, Ozark Plateau; Tp, Texarkana platform; VVB, Val Verde Basin; WM, Wichita
Mountains. Inset box shows the location of Figure 2.
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Cretaceous to Quaternary = = Faults (solid, consistent with
surface and/or well data; dashed,
Mississippian to Pennsylvanian interpreted from seismic; dotted, inferred)
Ordovician to Devonian (Ouachita facies) —— - Stratigraphic contacts (solid, consistent
with surface and/or well data; dashed,
Ordovician to Devonian (parautochthonous) interpreted from seismic; dotted, inferred)

Ordovician to Devonian (Arbuckle facies)
Precambrian North American basement

Unknown

Fig. 3: Geologic interpretation of the COCORP seismic reflection profile along A-A', Fig. 2, after
Nelson et al. (1982) and Lillie et al. (1983). The cross-section shows roughly the upper 25 kilometers
of crust and is approximately 1:1 assuming an average upper crustal velocity of 5 kilometers per
second.
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Fig. 4: Stratigraphic column of the Ouachita Mountains (after Richards et al., 2002 with dates from
Ethington et al., 1989). Stratigraphic thicknesses are from Briggs et al. (1975), Thomas (1976), Stone et
al. (1982), Arbenz (1989), and Viele and Thomas (1989). Grey shading corresponds to the shading used
in Figure 3. Column labeled “Cum. thick” is the cumulative stratigraphic thickness measured from the

youngest exposed rocks toward increasing age and stratigraphic depth.
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Fig. 5: Contoured vitrinite reflectance map of the Ouachita Orogen (modified after Houseknectht
and Mathews, 1985). Small dots are sample localities of Houseknectht and Mathews (1985). The
shaded region is the Cretaceous to Quaternary onlap. The thin lines are the approximate location
of the Devonian - Mississippian contact.
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Fig. 6: Regional thermal model for the Ouachita orogen and surrounding areas

based on AFT data (modified from Winkler et al., 1999). The timing of the

Ouachita Orogeny and the opening of the Gulf of Mexico are shown for reference.
The shaded area corresponds to the temperature range for the partial annealing zone
of apatite. The time-temperature estimation for box 1 is based on the assumption that
rocks in the Llano and Arbuckle regions were at the surface during the early Permian.
Box 2 is based on AFT data from the Llano and Arbuckle regions. Boxes 3, 4 and 5
are based on AFT data from the Wichita Mountians, Marathon Mountians and Benton
uplift areas of the Ouachitas. The solid line represents the thermal history model that
best fits the fission-track age and track length data (Winkler et al., 1999). Dashed lines
a and b represent modeled AFT data from two samples located in the central
Appalachians (Pennsylvania) for comparison to the Ouachitas (Blackmer et al., 1994).
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Fig. 7: Thin section photomicrographs of veins from the Ouachita Orogen. A) Sharp grain boundary,
AR132. B) Feathered grain boundary, AR76. C) Twinned calcite, AR132. D) Twinned calcite, AR96.
E) Healed fractures in quartz, AR76. F) Healed fractures in quartz, AR132. G) Fluid inclusion bands
in fibrous quartz, AR119. H) Fluid inclusions from AR115 (1), AR128 (2), AR136 (3) and AR115 (4).
Bar is 2mm unless otherwise noted.
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Fig. 8: XRF element maps and isotope sample locations. XRF maps are 2.5 cm2. Isotope samples are
labeled as H (host) and V (vein) for each specimen.
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Fig. 10: Temperatures measured in veins plotted along strike (A-B) and across strike (C-D) of the
Ouachita core. A) Generalized map of the Ouachita core with sample locations used for quartz-calcite
isotope thermometry plotted. Samples labeled with AR are samples collected in Arkansas in this study.
Samples labeled Oc (Collier shale), Om (Mazarn shale) and Ow (Womble shale) are samples collected
by Richards et al. (2002). B) Vein precipitation temperatures along strike and C) Vein precipitation
temperatures across strike.
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Key: Ocm (Crystal Mountain sandstone), Ow (Womble shale), Smb (Missouri Mtn. shale), Ms (Stanley
shale) and Pj (Jackfork sandstone).
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Table 1
Stable isotope analyses.
Calcite Quartz
Host Vein Host Vein
Sample Latitude  Longitude Fm. Name d*0 d=C d*0 d=C d*0 d*0
Name (1) (1) (2) (SMOW) (PDB) | (SMOW) (PDB) | (SMOW) [ (SMOW)
ARO32a 34.46916 -93.08944 Ms 14.0
ARO32b  34.46916 -93.08944 Ms 14.2
ARO057 34.56364 -93.66843 Oow 16.95 0.08 16.90 0.57 18.7
ARO61a 34.56364 -93.66843 Oow 20.18 -3.38 17.76 -0.71
ARO61b  34.56364 -93.66843 ow 20.18 -3.38 17.50 -0.79
ARO61c 34.56364 -93.66843 ow 20.18 -3.38 17.17 -0.73
ARO76 a 34.56364 -93.66843 ow 18.17 -0.48 17.05 -0.37 14.7
ARO76b  34.56364 -93.66843 Oow 18.17 -0.48 17.20 -0.35 16.9
ARO8la 34.56364 -93.66843 Oow 19.38 0.39 17.00 0.91 17.9
AR081b  34.56364 -93.66843 Oow 19.38 0.39 17.00 0.91 18.0
ARO89a 34.56364 -93.66843 ow 21.31 0.97 16.98 -0.70 15.2
ARO89b  34.56364 -93.66843 ow 21.31 0.97 17.11 -0.64 15.2
ARO096a 34.59718 -93.39856 ow 16.93 -4.14 16.40 -4.24 11.8 19.3
AR096 b  34.59718 -93.39856 Oow 16.93 -4.14 16.40 -4.24 16.5 19.3
AR098 a 34.59718 -93.39856 Oow 16.99 -0.14 18.62 -0.93 20.3
AR098 b  34.59718 -93.39856 Oow 16.99 -0.14 18.62 -0.93 20.4
AR098 c  34.59718 -93.39856 ow 16.99 -0.14 18.62 -0.93 14.8
AR099 3459718 -93.39856 Oow 18.81 -2.80 18.70 -2.73
AR100 3459718 -93.39856 Oow 21.78 -5.16 17.90 -1.06
AR108 34.23083 -93.09750 Mda 17.4
AR112 34.48583 -93.08722 Ms 15.06 -11.08 14.03 -14.26 16.3
AR114a 34.47861 -93.11611 Ms 18.7
AR114b 34.47861 -93.11611 Ms 19.0
AR115  34.47861 -93.11611 Ms 17.6
AR116 34.63361 -93.05833 Ob 18.8
AR117 34.67806 -93.07250 Ocm 15.1 18.1
AR119 34.85000 -93.09667 Pj 20.2
AR120 3451139 -93.20639 Ms 145
AR122 3451139 -93.20639 Ms 16.7
AR123a 3451139 -93.20639 Ms 13.7
AR123b 3451139 -93.20639 Ms 13.8
AR124 34.50583 -93.19667 Ms 15.7
AR125b  34.50583 -93.19667 Mda 17.0
AR126a 34.51500 -93.38306 Ob 19.28 -1.68 21.42 -2.56 18.6
AR126b  34.51500 -93.38306 Ob 19.28 -1.68 20.75 -2.53 18.9
AR127 34.52444  -93.40167 Ocm 14.5 18.4
AR128 34.52444  -93.40167 Ocm 144 185
AR129a 3456361 -93.66833 Oow 16.86 0.30 16.95 -0.01 18.2
AR129b  34.56361 -93.66833 ow 16.86 0.30 17.09 0.25 18.2
AR129c 34.56361 -93.66833 ow 16.86 0.30 17.38 0.73 18.2
AR130 34.56361 -93.66833 Oow 17.66 0.05 17.00 -0.17 18.1
AR13la 34.56500 -93.63139 Oow 16.93 -0.85 16.20 -0.25 15.4
AR131b  34.56500 -93.63139 Oow 16.93 -0.85 16.03 0.60 15.7
AR131c 34.56500 -93.63139 ow 16.93 -0.85 16.27 0.05 15.4
AR132a 34.56500 -93.63139 ow 17.00 -0.48 16.02 -0.19 15.0
AR132b  34.56500 -93.63139 ow 17.00 -0.48 16.04 -0.20 15.0
AR133a 34.56500 -93.63139 ow 17.20 -0.07 17.10 -0.34 14.9
AR133b  34.56500 -93.63139 Oow 17.20 -0.07 16.10 0.48 15.0
AR134 34.65056 -93.53278 Smb 25.0
AR135a 34.52472 -93.67861 Smb 16.00 -0.40 19.8
AR135b  34.52472 -93.67861 Smb 17.11 -0.34 19.8
AR136 3452472 93.67861 Ocm 19.9
AR137 34.49917 -93.68833 Ocm 15.0 17.6
AR138 34.49917 -93.68833 Ocm 17.1
AR139  34.49917 -93.68833 Ocm 18.1
AR142 34.40750 -93.64833 Oow 20.10 -0.29 22.6
AR143 34.40750 -93.64833 Oow 21.4
AR144a 34.40750 -93.64833 Oow 18.34 -4.55 19.50 -0.51 215
AR144b  34.40750 -93.64833 ow 18.34 -4.55 19.66 -0.41 215
MM1 a 34.67011 -93.21505 ow 20.80 0.19 20.15 -0.54 13.7 15.0
MM1 b 34.67011 -93.21505 Oow 20.80 0.19 20.15 -0.54 14.0 14.9

(1) WGS84 datum used to identify latitude and longitude
(2) Formation Names: MDa, Arkansas Novaculite; Ob, Blakely Ss; Ocm, Crystal Mountain Ss;
Smb, Missouri Mountain Sh; Ms, Stanley Sh; Ow, Womble Sh

Pj, Jackfork Ss;
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Table 2
Statistical analysis of isotope data.
This study Richards et al. (2002) Combined*
Mean | std. dev. mean | std. dev. mean | std. dev.
d®0 (SMOW) | 1828  1.69 19.26 2.22 1894  2.10
d=C (PDB) -1.45 2.45 -1.92 1.56 -2.05 2.53
d*°0 (SMOW) | 17.58 157 18.34 2.04 18.05 1.91
d=C (PDB) -1.01 2.51 -2.04 2.29 -1.65 2.41
a0 (SMOW) [ o.72 1.67 0.70 1.61 0.71 1.62
d=C (PDB) -0.38 1.63 0.17 2.39 -0.38 1.40
d0 (SMOW)
14.59 1.41 19.07 4.10 18.94 411
d**0 (SMOW)
17.31 3.01 20.35 2.19 19.85 2.59
d**0 (SMOW)
-2.88 2.27 -2.38 1.65 -2.40 1.67
d**0 (SMOW)
-0.01 2.34 1.92 1.48 1.26 2.02
d*0 (SMOW)
with positive
fractionation 1.93 0.90 2.38 0.67 2.37 0.63

*Combined data includes isotope data from this study and that of Richards et al. (2002)
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Table 3
Fluid inclusion analyses.
Tm*  Th* Salinity Molality Density Weight %
SampleName  on  oc (masste)  (molelkg) (g/ce) H,0
AR096 a -6.2 146.4 9.488 1.793 1.079 90.51
ARO096 a -9.6 146.7 13.560 2.683 1112 86.44
ARO096 a -3.7 1471 5.998 1.091 1.051 94.00
ARO096 a -5.6 1478 8.690 1.628 1.072 91.31
AR096 a -4.5 1482 7.162 1.320 1.060 92.84
ARO096 a -9.6 148.8 13.560 2.683 1112 86.44
ARO096 a -9.3 1505 13.231 2.608 1.109 86.77
ARO096 a -10.1 1518 14.097 2.807 1.117 85.90
AR096 a -3.9 1522 6.293 1.149 1.053 93.71
ARO096 a -6.4 154.2 9.749 1.848 1.081 90.25
ARO096 a -10.9 1545 14.924 3.001 1.124 85.08
ARO096 a -6.7 157.6 10.135 1.929 1.084 89.87
ARO096 a -9.6 1579 13.560 2.683 1.112 86.44
ARO096 a -4.7 158.6 7.446 1.376 1.062 92.55
ARO096 a -9.1 1589 13.008 2.558 1.107 86.99
ARO096 a -9.8 1594 13.776 2.733 1.114 86.22
ARO096 a -10.1 162.0 14.097 2.807 1.117 85.90
ARO096 a -5.3 163.7 8.281 1.544 1.069 91.72
ARO096 a -9.2 1658 13.120 2.583 1.108 86.88
ARO096 a -85 166.3 12.325 2.404 1.102 87.68
ARO096 a -5.0 167.4 7.867 1.460 1.066 92.13
ARO096 a -10.7 169.1 14.721 2.953 1.122 85.28
ARO096 a -105 1724 14.515 2.904 1.120 85.48
ARO096 a -9.9 1827 13.884 2.758 1.115 86.12
ARO096 a -4.4 187.6 7.019 1.291 1.059 92.98
AR115 -1.9 139.2 3.210 0.567 1.029 96.79
AR115 -1.2  159.8 2.061 0.360 1.021 97.94
AR115 -2.3 1846 3.850 0.685 1.034 96.15
AR115 -1.8 1895 3.048 0.538 1.028 96.95
AR115 -25 198.1 4.166 0.744 1.037 95.83
AR115 -2.8 211.2 4.633 0.831 1.040 95.37
AR115 -24 2113 4.008 0.714 1.036 95.99
AR115 -2.4 2138 4.008 0.714 1.036 95.99
AR115 -2.2 2178 3.691 0.656 1.033 96.31
AR115 -2.8 2191 4.633 0.831 1.040 95.37
AR115 -1.8 2215 3.048 0.538 1.028 96.95
AR115 -1.0 2229 1.726 0.300 1.018 98.27
AR115 -1.3 2243 2.228 0.390 1.022 97.77
AR115 -2.9 2278 4.788 0.860 1.042 95.21
AR115 -3.1 2289 5.095 0.918 1.044 94.91
AR115 -1.6  229.6 2.722 0.479 1.026 97.28
AR115 -1.2  230.7 2.061 0.360 1.021 97.94
AR115 2.1 2314 3.532 0.626 1.032 96.47
AR115 -1.7 2452 2.886 0.508 1.027 97.11
AR115 -2.3  246.7 3.850 0.685 1.034 96.15
AR115 24 2471 4.008 0.714 1.036 95.99
AR115 -2.2 25138 3.691 0.656 1.033 96.31
AR115 -19 2538 3.210 0.567 1.029 96.79
AR115 -2.5 256.4 4.166 0.744 1.037 95.83
AR115 -2.6 2582 4.322 0.773 1.038 95.68
AR117 -5.6 167.9 8.690 1.628 1.072 91.31
AR117 -5.4 168.3 8.418 1572 1.070 91.58
AR117 -5.8 188.4 8.959 1.683 1.074 91.04
AR117 -6.6 190.3 10.007 1.902 1.083 89.99
AR117 -4.1 203.0 6.585 1.206 1.056 93.41
AR117 -7.0 205.6 10.515 2.010 1.087 89.49
AR117 -5.6 2075 8.690 1.628 1.072 91.31
AR117 -4.2 2100 6.730 1.234 1.057 93.27
AR117 -5.1 211.0 8.006 1.489 1.067 91.99
AR117 -39 2124 6.293 1.149 1.053 93.71
AR117 -7.9 2184 11.618 2.249 1.096 88.38
AR117 -3.9 219.0 6.293 1.149 1.053 93.71
AR117 -8.4 219.6 12.209 2.379 1.101 87.79
AR117 -6.8 2211 10.262 1.956 1.085 89.74
AR117 -5.2 2234 8.144 1.517 1.068 91.86
AR117 -5.6 2248 8.690 1.628 1.072 91.31
AR117 -8.3 2288 12.092 2.353 1.100 87.91
AR117 -6.2 2334 9.488 1.793 1.079 90.51
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Table 3 Cont.
Tm*  Th* Salinity Molality Density Weight %
Sample Name °C °C (mass%) (mole/kg) (g/cc) H,0
AR117 -4.9 2347 7.727 1.432 1.065 92.27
AR117 -6.3 2348 9.619 1.820 1.080 90.38
AR117 -3.8 2349 6.146 1.120 1.052 93.85
AR117 -4.7 237.8 7.446 1.376 1.062 92.55
AR117 -6.4 241.3 9.749 1.848 1.081 90.25
AR117 -4.2  247.2 6.730 1.234 1.057 93.27
AR117 -3.7 254.0 5.998 1.091 1.051 94.00
AR119 -5.6 161.2 8.690 1.628 1.072 91.31
AR119 -7.9 167.2 11.618 2.249 1.096 88.38
AR119 -6.4 168.6 9.749 1.848 1.081 90.25
AR119 -9.2  169.5 13.120 2.583 1.108 86.88
AR119 -6.1 1975 9.357 1.766 1.078 90.64
AR119 -3.2 197.6 5.247 0.947 1.045 94.75
AR119 -5.2  198.3 8.144 1517 1.068 91.86
AR119 -4.6 199.2 7.304 1.348 1.061 92.70
AR119 -3.7 2016 5.998 1.091 1.051 94.00
AR119 -5.2 2029 8.144 1.517 1.068 91.86
AR119 -3.4 203.0 5.549 1.005 1.047 94.45
AR119 -8.1 204.7 11.856 2.301 1.098 88.14
AR119 -3.9 2079 6.293 1.149 1.053 93.71
AR119 -5.6 209.6 8.690 1.628 1.072 91.31
AR119 -84 2119 12.209 2.379 1.101 87.79
AR119 -6.9 2123 10.389 1.983 1.086 89.61
AR119 -3.9 2154 6.293 1.149 1.053 93.71
AR119 -7.8 2234 11.498 2.222 1.095 88.50
AR119 -6.8 224.2 10.262 1.956 1.085 89.74
AR119 -5.4 2253 8.418 1572 1.070 91.58
AR119 -7.1 2274 10.640 2.037 1.088 89.36
AR119 -7.7 230.7 11.378 2.196 1.094 88.62
AR119 -6.1 253.1 9.357 1.766 1.078 90.64
AR119 -6.1 2714 9.357 1.766 1.078 90.64
AR119 -4.3 2845 6.875 1.263 1.058 93.13
AR122 -1.2 1479 2.061 0.360 1.021 97.94
AR122 -3.1 153.2 5.095 0.918 1.044 94.91
AR122 -1.6 1535 2.722 0.479 1.026 97.28
AR122 -41  156.2 6.585 1.206 1.056 93.41
AR122 -2.3  160.7 3.850 0.685 1.034 96.15
AR122 29 167.1 4.788 0.860 1.042 95.21
AR122 -2.2 169.3 3.691 0.656 1.033 96.31
AR122 -0.8 175.1 1.387 0.241 1.016 98.61
AR122 -09 1771 1.557 0.271 1.017 98.44
AR122 -0.6 1829 1.046 0.181 1.013 98.95
AR122 -1.4 188.7 2.393 0.419 1.023 97.61
AR122 -1.8 188.8 3.048 0.538 1.028 96.95
AR122 -1.2  189.3 2.061 0.360 1.021 97.94
AR122 -1.4 2012 2.393 0.419 1.023 97.61
AR122 -0.3 202.7 0.527 0.091 1.009 99.47
AR122 -0.7 203.1 1.217 0.211 1.014 98.78
AR122 -0.4 217.6 0.701 0.121 1.011 99.30
AR122 -1.2 2256 2.061 0.360 1.021 97.94
AR122 -1.0 2349 1.726 0.300 1.018 98.27
AR122 -1.8 2357 3.048 0.538 1.028 96.95
AR122 -2.4  240.2 4.008 0.714 1.036 95.99
AR122 -1.7  243.1 2.886 0.508 1.027 97.11
AR122 -0.9 263.6 1.557 0.271 1.017 98.44
AR122 -0.6 2674 1.046 0.181 1.013 98.95
AR122 -0.3 2715 0.527 0.091 1.009 99.47
AR128 -0.2 105.6 0.352 0.061 1.008 99.65
AR128 -0.7 106.7 1.217 0.211 1.014 98.78
AR128 -0.2 108.4 0.352 0.061 1.008 99.65
AR128 -0.1 109.3 0.177 0.030 1.007 99.82
AR128 -0.7 109.4 1.217 0.211 1.014 98.78
AR128 -0.9 1153 1.557 0.271 1.017 98.44
AR128 -2.6 118.9 4.322 0.773 1.038 95.68
AR128 -1.9 120.7 3.210 0.567 1.029 96.79
AR128 -2.0 1219 3.371 0.597 1.031 96.63
AR128 27 1221 4.478 0.802 1.039 95.52
AR128 22 1242 3.691 0.656 1.033 96.31
AR128 -1.2 1246 2.061 0.360 1.021 97.94
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Table 3 Cont.
Tm*  Th* Salinity Molality Density Weight %
Sample Name °C °C (mass%) (mole/kg) (g/cc) H,O
AR128 -2.4 1259 4.008 0.714 1.036 95.99
AR128 -25 1276 4.166 0.744 1.037 95.83
AR128 -29 1287 4.788 0.860 1.042 95.21
AR128 -2.6 1305 4.322 0.773 1.038 95.68
AR128 -22 1343 3.691 0.656 1.033 96.31
AR128 -23 1345 3.850 0.685 1.034 96.15
AR128 -3.0 1386 4.942 0.889 1.043 95.06
AR128 -1.2 139.6 2.061 0.360 1.021 97.94
AR128 -2.7 1427 4.478 0.802 1.039 95.52
AR128 -2.3 1443 3.850 0.685 1.034 96.15
AR128 -3.2 14438 5.247 0.947 1.045 94.75
AR128 -3.2 1454 5.247 0.947 1.045 94.75
AR128 -3.3 1495 5.398 0.976 1.046 94.60
AR134 -1.8  140.1 3.048 0.538 1.028 96.95
AR134 -2.0 1412 3.371 0.597 1.031 96.63
AR134 -1.0 1412 1.726 0.300 1.018 98.27
AR134 -29 1414 4.788 0.860 1.042 95.21
AR134 -1.5 1417 2.558 0.449 1.024 97.44
AR134 -2.2 1419 3.691 0.656 1.033 96.31
AR134 -2.7 1424 4.478 0.802 1.039 95.52
AR134 -1.9 1439 3.210 0.567 1.029 96.79
AR134 -1.1 1445 1.894 0.330 1.019 98.11
AR134 -2.1 1455 3.532 0.626 1.032 96.47
AR134 -3.2 146.2 5.247 0.947 1.045 94.75
AR134 -1.6  146.7 2.722 0.479 1.026 97.28
AR134 -2.7 1482 4.478 0.802 1.039 95.52
AR134 -2.0 1493 3.371 0.597 1.031 96.63
AR134 -1.9 1517 3.210 0.567 1.029 96.79
AR134 -1.9 1517 3.210 0.567 1.029 96.79
AR134 -1.8 152.6 3.048 0.538 1.028 96.95
AR134 -1.6 153.8 2.722 0.479 1.026 97.28
AR134 -1.7 1541 2.886 0.508 1.027 97.11
AR134 -3.6 1547 5.849 1.063 1.050 94.15
AR134 -20 1547 3.371 0.597 1.031 96.63
AR134 -1.7 155.2 2.886 0.508 1.027 97.11
AR134 -25 1554 4.166 0.744 1.037 95.83
AR134 -21 1556 3.5632 0.626 1.032 96.47
AR134 -2.0 156.3 3.371 0.597 1.031 96.63
AR136 -1.6  111.6 2.722 0.479 1.026 97.28
AR136 -0.2 1147 0.352 0.061 1.008 99.65
AR136 -1.9 11438 3.210 0.567 1.029 96.79
AR136 -21 1172 3.532 0.626 1.032 96.47
AR136 -2.9 1181 4.788 0.860 1.042 95.21
AR136 -21 1184 3.532 0.626 1.032 96.47
AR136 -0.4 1191 0.701 0.121 1.011 99.30
AR136 -2.2 1194 3.691 0.656 1.033 96.31
AR136 -0.9 1243 1.557 0.271 1.017 98.44
AR136 -1.9 1249 3.210 0.567 1.029 96.79
AR136 -22 1272 3.691 0.656 1.033 96.31
AR136 -2.6 127.6 4.322 0.773 1.038 95.68
AR136 -2.4 1284 4.008 0.714 1.036 95.99
AR136 -1.2 1291 2.061 0.360 1.021 97.94
AR136 -2.2 1315 3.691 0.656 1.033 96.31
AR136 -2.4 1319 4.008 0.714 1.036 95.99
AR136 -2.2 1326 3.691 0.656 1.033 96.31
AR136 -2.3 1334 3.850 0.685 1.034 96.15
AR136 -1.8 133.8 3.048 0.538 1.028 96.95
AR136 -1.1 1341 1.894 0.330 1.019 98.11
AR136 -1.8 1347 3.048 0.538 1.028 96.95
AR136 -2.8 1352 4.633 0.831 1.040 95.37
AR136 -2.8 139.3 4.633 0.831 1.040 95.37
AR136 -2.0 1402 3.371 0.597 1.031 96.63
AR136 -2.2 1458 3.691 0.656 1.033 96.31
AR142 -24 1574 4.008 0.714 1.036 95.99
AR142 -2.8 159.2 4.633 0.831 1.040 95.37
AR142 -3.2 1619 5.247 0.947 1.045 94.75
AR142 -2.3 163.7 3.850 0.685 1.034 96.15
AR142 -2.2 165.6 3.691 0.656 1.033 96.31
AR142 -2.3 166.4 3.850 0.685 1.034 96.15
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Table 3 Cont.
Tm*  Th* Salinity Molality Density Weight %
Sample Name °C °C (mass%) (mole/kg) (g/cc) H,O
AR142 -1.9 166.8 3.210 0.567 1.029 96.79
AR142 -21 1674 3.532 0.626 1.032 96.47
AR142 -1.9 168.3 3.210 0.567 1.029 96.79
AR142 -22 1714 3.691 0.656 1.033 96.31
AR142 -31 1729 5.095 0.918 1.044 94.91
AR142 -29 1734 4.788 0.860 1.042 95.21
AR142 -1.8 176.5 3.048 0.538 1.028 96.95
AR142 -2.0 176.9 3.371 0.597 1.031 96.63
AR142 -24 180.1 4.008 0.714 1.036 95.99
AR142 -24 180.5 4.008 0.714 1.036 95.99
AR142 -21 1828 3.532 0.626 1.032 96.47
MM1 a -0.9 140.1 1.557 0.271 1.017 98.44
MM1 a -2.7 148.0 4.478 0.802 1.039 95.52
MM1 a -04 154.1 0.701 0.121 1.011 99.30
MM1 a -2.6 1544 4.322 0.773 1.038 95.68
MM1 a -2.0 158.9 3.371 0.597 1.031 96.63
MM1 a -24 159.7 4.008 0.714 1.036 95.99
MM1 a -4.1 165.8 6.585 1.206 1.056 93.41
MM1 a -5.0 167.3 7.867 1.460 1.066 92.13
MM1 a -2.6 167.9 4.322 0.773 1.038 95.68
MM1 a -3.8 1684 6.146 1.120 1.052 93.85
MM1 a -3.8 171.2 6.146 1.120 1.052 93.85
MM1 a -3.6 1713 5.849 1.063 1.050 94.15
MM1 a -3.7 174.2 5.998 1.091 1.051 94.00
MM1 a -5.3 184.1 8.281 1.544 1.069 91.72
MM1 a -5.1 1855 8.006 1.489 1.067 91.99
MM1 a -3.9 187.6 6.293 1.149 1.053 93.71
MM1 a -5.7 189.2 8.825 1.656 1.073 91.18
MM1 a -44 1894 7.019 1.291 1.059 92.98
MM1 a -39 1911 6.293 1.149 1.053 93.71
MM1 a -5.,5 200.9 8.554 1.600 1.071 91.45
MM1 a -3.1 2011 5.095 0.918 1.044 94.91
MM1 a -4.7 2019 7.446 1.376 1.062 92.55
MM1 a -3.4 2025 5.549 1.005 1.047 94.45
MM1 a -1.4 2034 2.393 0.419 1.023 97.61
MM1 a -5.8 217.8 8.959 1.683 1.074 91.04

*Tm - Melting temperature; Th - Homogenization temperature
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Table 4

Vein emplacement conditions.
Sample Fm.* | Romin. °C Romax. °C | P min. (kbar) P max. (kbar) De;ztkrr:qu. Dep(tltl mr‘;1ax.
AR136 Ocm 322 363 3.85 4.67 14.82 17.98
AR142 Oow 278 332 1.94 2.95 7.47 11.36
AR134 Smb 272 327 2.22 3.34 8.55 12.86
AR128 Ocm 318 359 3.61 4.49 13.90 17.29
AR96 Oow 313 356 2.85 3.72 10.97 14.32

MM1 Oow 340 376 2.84 3.48 10.94 13.40

AR122 Ms 308 352 1.69 2.46 6.51 9.47
AR115 Ms 352 385 2.08 2.65 8.01 10.20
AR119 Pj 222 297 0.27 1.40 1.04 5.39
AR117 Ocm 359 391 2.30 2.83 8.86 10.90

*Formation Names: Ocm, Crystal Mountain Ss; Pj, Jackfork Ss; Smb, Missouri Mountain Sh;
Ms, Stanley Sh; Ow, Womble Sh
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