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Abstract

Massive dolomite typically forms at depth and elevated temperature through
replacement of limestone by its reaction with flowing dolomitizing fluid. Analysis of the
spatial distribution of elements, isotopes, and heat with transport theory leads to insights
into the flow system that produced dolomite in the Latemar carbonate buildup.
Dolomitization was arrested, and both dolomite and unreacted limestone well-exposed in
three dimensions. Boundaries between the dolomitized and undolomitized regions were
mapped on meter to kilometer-scales. The distribution of dolomite directly images an
orthogonal lattice of interconnected vertical tube-like and bedding-parallel sheet-like
fluid flow channels.

The ¥St/**Sr of Latemar dolomite and the salinity of fluid inclusions in dolomite,
previously measured by others, imply that a seawater-derived fluid was the dolomitizing
fluid. Dolomite has 8'°0 = 21.5-27.4%. (VSMOW), corresponding to temperatures of
50-90°C (assuming equilibration with fluid of 8'*0 = 0). Electron microprobe and LA-
ICPMS data for the dolomite show enrichment in Fe (1,600-19,000 ppm), Mn (66-430
ppm), and Zn (1.7-16 ppm) relative to unreacted limestone. The concentrations of Fe and
Zn in dolomite display a positive linear correlation with that of Mn; concentrations of
other transition metals show no correlation with Mn. These data suggest that the
dolomitizing fluid is analogous to modern diffuse effluent at mid-ocean ridges, and was a
mixture of seawater and hydrothermal fluid produced by reaction between seawater and

rocks of the adjacent Predazzo igneous complex that was the driving mechanism for
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dolomitization. The distribution of dolomite and its variability in 880 at the outcrop
scale (23-28%o) indicate that fluid flow occurred in multiple, spatially restricted pulses.
The time-integrated fluid flux, g, can be estimated from mass balance using the
spatial extent of dolomitization in the field and the Ca/Mg of the dolomitizing fluid.
Assuming diffuse effluent as the dolomitizing fluid, and temperatures of 50-90°C, and =
1 km of dolomite along the flow path, q = 1.9-10" - 1.6:10° cm’ fluid/cm? rock.
Quantitative analysis of outcrop-scale temperature gradients (T =10-25°C/m) with heat
transport theory suggests that dolomitization occurred in a minimum of ~400 fluid pulses

over a total duration of flow and reaction possibly as short as ~30 years.
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Chapter 1

Introduction

The formation of dolomite is a long-standing problem (Morrow, 1982; Land,
1985; Machel and Mountjoy, 1986; Hardie, 1987; Budd, 1997; Arvidson and Mackenzie,
1999; Warren, 2000). There are no active surficial processes that produce massive,
stoichiometric, ordered dolomite. Primary Ca-rich disordered dolomite does form in
some contemporary surficial environments, such as sabkhas and hot springs (Wells,
1962; Curtis et al., 1963; Rosen et al., 1989), and in anoxic lagoons due to microbial
influence (Vasconcelos and McKenzie, 1997; van Lith et al., 2002). However, the
texture, composition, and volume of these primary dolomite precipitates are unlike
occurrences of most dolomite in the geologic record. It is more likely that massive
dolomitization is usually due to the replacement of calcite, where dolomite forms by a

reaction between an Mg-rich fluid and limestone that approximately is:

2CaCO; + Mg™ (o = CaMg(CO3), + Ca®" (o) (1.1)
or
1.74CaCO; + Mg* (4q + 0.26C0O5>= CaMg(CO3), + 0.74Ca> ) (1.2)

Reactions 1.1 and 1.2 represent the two end-member processes envisioned: replacement
of calcite by dolomite at constant C and O (Equation 1.1) or at constant volume (Equation

1.2). Dolomite can form by replacement of calcite limestone provided there is access to a



fluid with sufficient Mg, and a flow mechanism capable of delivering Mg to and
removing Ca from the site of reaction (Land, 1985).

Dolomite has been synthesized in the laboratory at temperatures >100°C (Graf
and Goldsmith, 1956; Katz and Matthews, 1977; Gaines, 1980; Gregg and Sibley, 1984;
Sibley et al., 1994; Lumsden et al., 1995; Arvidson and Mackenzie, 1999). Partially
ordered, nonstoichiometric dolomite has been precipitated at low temperatures through
the actions of sulphate-reducing bacteria under anoxic conditions (Vasconcelos et al.,
1995; Warthmann et al., 2000) or with repeated fluctuations in pH (Deelman, 1999) or
temperature (Nordeng and Sibley, 1993). Disordered, Ca-rich “protodolomite” has been
synthesized at T<100°C (Kelleher and Redfern, 2002). However, stoichiometric, ordered
dolomite has not been synthesized in the laboratory under Earth surface conditions (1
atmosphere and ~ 25°C), either by direct precipitation or replacement of calcite. A
variety of dolomitizing fluid chemistries, such as those of evaporative brines, mixtures of
freshwater and seawater, seawater modified by extensive sulfate reduction, the
degradation of organic matter by sulfate-reducing bacteria, and solutions enriched in Li
have been proposed to explain the replacement of calcite by dolomite at surface
conditions (Siegel, 1961; Wells, 1962; Curtis et al., 1963; Friedman and Sanders, 1967;
Zenger, 1972; Badiozamani, 1973; Folk and Land, 1975; Gaines, 1980; Baker and
Kastner, 1981; Morrow and Ricketts, 1988; Slaughter and Hill, 1991; Brady et al., 1996).
Although evaporative brines may produce primary dolomite or cause replacement of
aragonite mud by dolomite in arid carbonate environments (Hardie, 1987), the volume of
brine required to produce the amount of dolomite seen in the rock record would be

immense, and the environments that produce such brines are relatively rare.



Environments within a freshwater-seawater mixing zone are thermodynamically suited to
produce ordered dolomite (Badiozamani, 1973), but there is little evidence for
precipitation of ordered dolomite or replacement of calcite by dolomite even in well-
documented modern freshwater-seawater mixing zones (Plummer et al., 1976; Steinen et
al., 1978; Halley and Harris, 1979; Hanshaw and Back, 1980; Gebelein et al., 1980).
Furthermore, if the mixing zone model is evaluated using thermodynamic data for
disordered or weakly ordered dolomite and takes the partial pressure of CO, and
temperature into account, the range of fluid chemistries capable of producing dolomite is
quite restricted (Plummer, 1975; Hardie, 1987). The experimental results of Seigel
(1961), that suggest that sulfate is necessary to precipitate dolomite, are contradicted by
those of Baker and Kastner (1971), Morrow and Ricketts (1988), and work by Slaughter
and Hill (1991) that instead suggest that the presence of sulfate ions inhibits the
replacement of calcite by dolomite. Experiments by Brady et al. (1996) have determined
that although sulfate inhibits dolomite growth in sulfate-poor (< 5 mM) solutions, it
accelerates dolomite growth in sulfate rich (=5 mM) solutions. The applicability of these
experiments to massive dolomite bodies as a whole is even more uncertain because field
studies document that dolomite is found in both high-sulfate and low-sulfate
environments (Jones, 1965; Bathurst, 1975; Eugster and Hardie, 1978; Kelts and
McKenzie, 1982; Garrison et al., 1984; Kohut et al., 1995; Brady et al., 1996). As sulfate
reduction is a common reaction, one would expect to see more sulfate reduction-related
dolomite than is observed in the geologic record (Land, 1985). Organogenic dolomite,
formed by decomposition of organic matter via sulfate reducing bacteria (Slaughter and

Hill, 1991), cannot explain the presence of massive replacement dolomite because most



evaporative environments do not contain enough available organic matter (Brady et al.,
1996). Furthermore, any dolomite formed in a sulfate reducing environment would be
depleted in *C, and most massive dolomite in the rock record does not exhibit this (Land,
1980). Solutions enriched in Li (0.5 M) or dioxane cause dolomitization to occur more
rapidly (Gaines, 1980; Oomori and Kitano, 1987), but are very unusual in the natural
environment.

Work by Fanning et al. (1981), Saller (1984), Aharon et al. (1987), and Flood et
al. (1996) on the dolomitization of the bases of carbonate banks and atolls has shown that
normal seawater at elevated temperatures is capable of driving the calcite to dolomite
reaction. It is therefore more likely that replacement dolomite forms at depth and at
elevated temperature via a dolomitizing fluid, and that kinetic factors are more important
than special fluid chemistries for the calcite-dolomite reaction (Hardie, 1987; Brady et
al., 1996). From this, it appears that the primary requirement for dolomitization is
sufficient supply of Mg-bearing dolomitizing fluid and temperatures elevated above
surface conditions.

Adequate supply of Mg to the site of dolomitization and removal of Ca, in turn,
requires some long-lived fluid flow system. Many mechanisms to drive fluid flow have
been proposed, including density-driven flow from brine reflux (Adams and Rhodes,
1960; Simms, 1984; Jones and Rostron, 2000; Jones et al., 2004), topography-driven flow
(Garven and Freeze, 1984; Garven, 1985; Gregg, 1985; Yao and Demicco, 1997),
compaction-driven flow during burial (Illing, 1959; Jodry, 1969), and thermal convection
caused either by the geothermal gradient (Kohout, 1967; Fanning et al., 1981; Saller,

1984; Simms, 1984; Aharon et al., 1987; Morrow, 1998; Wilson et al., 2001) or by



igneous activity (Wilson et al., 1990; Spencer-Cervato and Mullis, 1992; Antonelli and
Mollema, 2000; Nader et al., 2004). Each of these flow mechanisms will produce
distinctive patterns of dolomitization, with characteristic volumes and textures of
dolomite, provided they can pump sufficient Mg through the system to complete the
calcite-dolomite reaction. For a discussion of the limitations of each flow mechanism,
see Land (1985), Machel and Mountjoy (1986), Hardie (1987), Budd (1997), and Morrow
(2000).

Critical to understanding specific occurrences of dolomite is identification of both
the dolomitizing fluid and the mechanism for driving fluid flow. A variety of data can be
used to identify the fluid source and pump for specific occurrences of dolomitization: the
distribution of dolomite in the field area, trace element geochemistry, stable and
radiogenic isotope geochemistry, and fluid inclusion freezing and homogenization
temperatures. In his review Budd (1997), however, noted that these efforts often cannot
uniquely explain dolomitization because individual geochemical or isotopic species are
considered individually in isolation from the others. Rather, an integrated interpretation
of field relations, trace element and isotopic analyses, combined with transport theory and
knowledge of the hydrologic regime, is called for to test hypotheses for the fluid source
and driving mechanism that forms replacement dolomite.

Metamorphic petrologists have utilized such methods for many years, and can
offer a fresh perspective on the problem of massive replacement dolomitization. Much
progress has been made in the last decade in metamorphic petrology in applying the
theory of reactive transport in porous media to interpret the chemical, isotopic, and

mineralogic effects of fluid-rock reactions in metamorphic terranes (for example, see



review by Ferry and Gerdes, 1998, and Baumgartner and Valley, 2001). It is an ideal
time to apply these methods to the role of limestone-fluid reactions in dolomite
formation. Application of these methods, in principle, can lead to constraints on the
source of dolomitizing fluid, the driving force for fluid flow, the geometry and amount of
flow, the thermal structure of the flow system, and the control of fluid flow on the spatial
distribution of the isotope compositions of dolomite.

This research specifically applies methods of metamorphic petrology to the
formation of replacement dolomite in the Latemar carbonate buildup, Dolomites,
northern Italy. The carbonate sedimentology and the replacement dolomitization in the
Latemar have been studied extensively by sedimentary petrologists, which makes it an
ideal location to apply current theories of metamorphic petrology and to evaluate
previous models for replacement dolomitization. This is the first time that the methods of

metamorphic petrology have been applied to a classic sedimentology problem.



Chapter 2

Geology

Regional Geology

The Dolomites, part of the Southern Alps in northern Italy (Figure 2.1), are
largely composed of Mesozoic shallow water carbonates that have been studied
extensively for more than 100 years (De Dolomieu, 1791; Richthofen, 1860; Mojsisovics,
1879; Vardebasso, 1930; Leonardi, 1955; Rossi, 1967; Bosellini and Hsu, 1973; Bosellini
and Rossi, 1974a; Bosellini and Rossi, 1974b; Gaetani et al, 1981; Bosellini, 1984;
Blendinger, 1985; Doglioni, 1987; Doglioni and Bosellini, 1987; Goldhammer, 1987,
Goldhammer et al., 1987; Bosellini and Hardie, 1988; Goldhammer et al, 1990; Gianolla
et al., 1998; Masetti and Trombetta, 1998; and Bosellini et al, 2003).

The earliest sedimentary rocks preserved in the Dolomites formed in the
Middle/Upper Permian when the Paleotethys transgressed eastward across the region,
depositing the Gardena Sandstone (terrestrial red beds, alluvial fan conglomerates,
sandstones, and siltstones) on top of the Paleozoic metamorphic basement. In some
areas, these continental sediments overlie thick localized accumulations of felsic
volcanics (Bosellini and Rossi, 1974). The felsic volcanics (the Bozener Porphyry
Plateau), formed during early Permian rifting and block faulting, and created structural
highs which somewhat restricted the alluvial sedimentation. As the Paleotethys
transgressed further eastwards, transitional marine sediments of the Permian Bellerophon
Formation (black shales, evaporites, micricitc skeletal limestones) were next deposited.

They represent a variety of depositional environments ranging from coastal sabkha to
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Figure 2.1. Regional geological setting of the Dolomites (adapted from Bosellini and
Rossi, 1974a). 1, Alluvial plain; 2, Tertiary and Jurassic; 3, Triassic (with the buildups);
4, Permian ignimbrites; 5, Metamorphic basement; 6, Intrusions; 7, Major faults; 8,
Tectonic boundary of the Southern Alps.



shallow shelf (Bosellini and Hardie, 1973; Massari and Neri, 1997). The Lower Triassic
(Scythian) Werfen Formation, a highly variable sequence of shallow-water carbonates
and alluvial sediments, unconformably overlies the Permian strata (Bosellini and Rossi,
1974; Goldhammer, 1987).

Regional strike-slip faulting in the Upper Anisian/Lower Ladinian (early Middle
Triassic) caused localized block faulting with uplift, subaerial exposure, and erosion in
some areas, and subsidence in others. Carbonate platforms and buildups nucleated on the
structural highs. Three main carbonate platforms formed on top of the Lower Serla
Dolomite, a widespread tidal flat unit overlying much of the area: the Monte Rite
Formation and the Upper Serla Dolomite in the east and the Contrin Formation in the
west. Both the Monte Rite Formation and Upper Serla Dolomite were drowned during
late Anisian subsidence of the eastern Dolomites, but in the west, where uplift and
westward marine transgression occurred, the Richtoften Conglomerate (a thin, local,
conglomerate), and the Morbiac Limestone (a lagoonal-basinal carbonate) developed,
followed by the Contrin Formation (a shallow-water platform rich in dasycladacean algae
and trace fossils) that prograded over these formations on the structural highs (Bosellini
et al, 2003; Goldhammer, 1987).

Continued subsidence in the late Anisian caused the upward growth of these
buildups, although the growth of the eastern platforms was terminated by drowning
caused by more rapid subsidence. Aggradation continued on the Contrin in isolated
structural highs in the west, produced by strike-slip faulting along the Stava and Trodena
Lines (Doglioni, 1984; Blendinger, 1985). The increasing relative sea level allowed thick

carbonate platforms to develop (Latemar, Agnello, Marmolada, Catinaccio, Pale di San



Martino) with deposition of cherty limestone in the surrounding basins (Livinallongo
Formation). The strike-slip faulting that caused the structural highs and platform growth
was associated with Ladinian volcanic activity and localized plutonic intrusions such as
the Predazzo and Monzoni complexes. The platforms were cut by mafic dikes, and
submarine volcanics onlapped and partially filled the surrounding depositional basins.
Some platforms in the western Dolomites (Latemar, Agnello, Marmolada) were buried
beneath these volcanics, and a rapidly-subsiding caldera developed (Blendinger, 1985;
Goldhammer, 1987). Carbonate production in the west was terminated or temporarily
halted by this volcanic event, while areas to the east did not experience any interruption
in carbonate production (Goldhammer, 1987; Bosellini et al, 2003). After Ladinian
volcanism and plutonism, sedimentation continued with the Wengen Formation; the
Carnian Cassian Dolomite (and its basinal equivalent, the San Cassiano Formation),
Durrenstein Formation, and Raibl Formation; the Norian Dolomia Principale; the Lower
Jurassic Calcari Grigi; and Upper Jurassic and Cretaceous deep water carbonates (Figure

2.2).

The Latemar Carbonate Buildup

The focus of this study is the Middle Triassic Latemar carbonate buildup, a small
massif located northwest of the town of Predazzo, in the Trentino-Alto Adige province,
(Figure 2.3). The Latemar is a series of vertically stacked platform carbonate deposits
surrounded by reef and foreslope deposits (Figure 2.4) that totals 10-12 km?® in volume

(Wilson et al., 1990).
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Figure 2.2. Stratigraphic column of the Trento Plateau, southern Alps (adapted from

Goldhammer, 1987). Wavy lines indicate unconformity bounded sequence.
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1955). Circles are locations of towns.
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Numerous stratigraphic studies have been conducted on the Latemar (Rossi, 1967;
Cros, 1977; Goldhammer, 1987; Harris, 1988; Dunn, 1991; Yose, 1993; Brack et al.,
1996; Egenhoff et al., 1999; Preto et al, 2001), which records Middle Triassic shallow
water carbonate deposition from the Upper Anisian to the Lower Ladinian. The buildup
is comprised of three stratigraphic units: the Latemar Limestone and Lower Edifice
(together constituting ~ 700 m of vertically stacked platform deposits), and the
Marmolada Limestone (reef and foreslope breccias and grainstones). The platform
carbonates are stratigraphically equivalent to the Livinallongo Formation (adjacent
basinal shales and turbidites). The lower 300 m of the Latemar platform facies, the
Lower Edifice, consists of flat-lying, thinly bedded grainstones of dasyclydacean algae
and represent Late Anisian shallow subtidal deposition and cementation. The upper 400
m, the Latemar Limestone, consists of cyclic carbonate layers (subtidal grainstones with
cm-scale dolomite caps) and represent repeated subaerial exposure of the platform during
the Ladinian (Hardie et al., 1986; Goldhammer, et al., 1987, 1990).

The Predazzo volcanic-intrusive complex intruded adjacent to and beneath the
Latemar buildup in the Late Ladinian at 232-238 Ma (from U-Pb and “°Ar/**Ar dating of
igneous minerals by Laurenzi and Visona, 1996; Mundil et al., 1996; and Visona, 1997).
This igneous activity was contemporaneous with carbonate production, and produced a
plutonic core, dikes, lava flows, volcaniclastic material that filled the adjacent basins and
covered the other buildups, volcanic breccias containing carbonate rock fragments
derived from these buildups, and a ring dike complex that intruded the Latemar and
nearby buildups including the Monte Agnello and the Marmolada platforms. Igneous

activity resulted in a down-drop of the southeastern portion of the Latemar buildup along
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a circular caldera fault system (Vardebasso, 1930; Blendinger, 1985). Lavas and
volcaniclastic rocks covered the Latemar buildup and permanently terminated carbonate
deposition on the platform and in the surrounding basin.

The Latemar has been partially dolomitized, and the dolomitization, based on
field relations, is considered contemporaneous with this igneous activity (Wilson et al,
1990; Riva and Stefani, 2003). Although the Dolomites were deformed by folding and
thrust faulting during the Tertiary Alpine orogeny, the Latemar and surrounding region
was largely unaffected by Alpine deformation and entirely unaffected by Alpine regional

metamorphism (Blendinger, 1985; Doglioni, 1987).
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Chapter 3

Methods of Investigation

A total of 263 samples of limestone and dolomite were collected from thirteen
outcrops and along six traverses, giving a distribution of samples from the meter scale to
the km scale (Figure 3.1). Dolomite-limestone contacts and sample positions were
mapped at the meter-scale to centimeter-scale accuracy in nine of the thirteen outcrops
using a Laser Technology, Inc. laser range finder and digital fluxgate compass or using
digital photographs. Sample locations and contacts between dolomite, limestone, and
igneous rocks along the traverses were mapped with a laser rangefinder, hand-held
Magellan GPS device, and Brunton compass. Sample locations are listed in Appendix 1.

Mineral assemblages were determined for 137 samples in polished thin sections
with back-scattered electron (BSE) imaging using the JEOL JXA-8600 electron
microprobe at Johns Hopkins University. Mineral modes were measured for each sample
by setting up a square 4x4 1 cm” grid, and taking a digital BSE image of the area
surrounding each node at 150X magnification (1024 x 800 pixels, 0.725 pm/pixel).
These images were analyzed in Adobe Photoshop by assigning a range of grayscale
values to each mineral as well as to porosity. The grayscale values for each mineral and
porosity were determined separately for each sample using Photoshop’s Threshold tool.
The total number of pixels for each grayscale range was determined using the Histogram
tool, and the modal distribution of each sample was calculated by weighting each
grayscale range against the total number of pixels per image. Uncertainties in mineral

identification were resolved by obtaining an energy-dispersive X-ray spectrum. Charging
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or shadows on the surface of the specimen were not included in the total pixel sum. Tests
demonstrated that the precision of mineral modes measured in this way is comparable to
or better than modes measured by counting > 2,000 points in thin section using BSE
imaging with the electron microprobe. Mineral compositions were measured by
wavelength-dispersive X-ray spectrometry with the electron microprobe at Johns
Hopkins University using natural mineral standards and a ZAF correction scheme
(Armstrong, 1988). Because most samples were monominerallic, minerals were analyzed
at the nodes of square 4x4 1 cm” grids, with additional spots analyzed if needed.
All 263 samples were analyzed for carbon and oxygen isotope compositions, using
polished slabs that had been stained for calcite and dolomite. Monominerallic powder
was drilled from each slab with a 1 or 2 mm diameter diamond-tipped drill. The powders
were dissolved in phosphoric acid at 90°C, and the released CO, was purified and
analyzed for oxygen and carbon isotopic compositions with the dual-inlet gas source
Micromass Isoprime mass spectrometer in the laboratory of A. J. Kaufman at the
University of Maryland. The values for 'O and 8'°C are reported relative to VSMOW
and VPDB respectively. Calcite standards (NBS-19 and Lincoln Limestone, an in-house
working standard) were analyzed multiple times during each analytical session to verify
that the analytical precision for both carbon and oxygen isotopes was +0.1% (10).
Duplicate analyses were made of over half the samples, and analyses were accepted only
when they agreed within measurement error.

Selected major, minor, and trace element (Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr,
Ba, Pb) compositions were measured for carbonate minerals in 36 samples using 100pm

thick sections, the ThermoFinnigan Element 2 LA-ICPMS, and the NIST-610 silicate
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glass standard in the laboratory of W. F. McDonough at the University of Maryland. The
spectra for some major and minor elements (Ca, Mn, Fe, Rb, Sr) were first collected
using a 6-7 Hz laser with a 15-30 pm spot size. Minor and trace element (Cr, Co, Ni, Cu,
Zn, Sr, Ba, Pb) spectra were then collected from immediately adjacent locations using a
6-8 Hz laser with a 65-70 um spot size. Each mineral in a sample was analyzed in
approximately 8 pairs of spots within a 1 inch diameter circular thick section. The
spectra obtained from these analyses were processed using LAMTRACE, a Lotus 1-2-3
data reduction spreadsheet and macro designed by Jackson et al. (1997). The spectra for
each pair of microsampling spots were analyzed for spikes, trace mineral interferences,
breakthrough (when the laser burns through the sample and ablates the underlying glass
slide) and background counts. A measurement was taken every 389 milliseconds, and the
spectra were averaged over every three measurements, giving average values for every
1.16 seconds. Particle bombardment spikes in both the background and in the ablation
spectra were removed manually. Data for each analysis were processed taking the
detection limit as three times the standard deviation of the background. Spectra from
different isotopes of the same element (eg., ®*Cu and “Cu) were compared for each
microsampling spot to ensure that the average values obtained in the analyses were not
artificially high due to particle bombardment. Only values for the more abundant isotope
are reported (“Cu, *Zn, **Sr, **Ba, ***Pb). Major element spectra were processed using
the mineral’s average CaO content, previously obtained from microprobe analyses, as the
calibration point. The resulting **Sr values from the first set of analyses at each

microsampling location were used to calibrate the second set of trace element spectra.
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Element concentrations in the NIST 610 silicate glass standards generally have a
1-3% uncertainty. Analyses were considered unreliable if the relative standard deviation
(RSD) of the glass standard was >5% for Mn, Sr, Co, Zn, Cu, Ba, Pb, >6% for Ni, >7%
for Fe, and >10% for Cr, and the data for that element were discarded. In some cases,
volatilization of calcite samples during previous analyses caused anomalously high *’Fe
backgrounds, making the concentration of >'Fe in the sample to appear to be below the
detection limit of the instrument. Therefore, Fe analyses are not reported for samples
analyzed under these conditions.

Several samples were imaged on an ELM-3 Luminoscope, using an Olympus
Magnafire Imaging System, in the cathodoluminescence laboratory of Sorena Sorenson at

the Smithsonian Institute.
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Chapter 4

Distribution of Dolomite

The Latemar dolomites are distinguished from the surrounding limestones by
color and texture. Latemar limestones are grey to white in color and compact with
typically <9% pore space. Limestones in the Lower Edifice are dominated by skeletal
grainstones (primarily consisting of dasycladacean algae) with minor interbedded
peloidal wackestones, while limestones in the overlying Latemar Limestone are skeletal-
peloidal wackestones and packstones consisting of dasycladacean algae, cyanobacteria,
foraminifera, ostracods, gastropods, and bivalves as well as non-skeletal peloids and
lithoclasts. Limestone stratigraphy and petrography is described in greater detail by
Goldhammer (1987) and Dunn (1991).

There are three types of dolomite in the Latemar: replacement dolomite,
diagenetic (cycle cap) dolomite, and saddle dolomite. The majority of dolomite in the
Latemar (>99%) is replacement dolomite. It is tan to orange in color with a sugary
texture and up to 16% porosity. The color of replacement dolomite depends on the
amount of Fe and Mn; samples with high Fe and Mn contents are orange, and stain bright
blue in potassium ferrocyanide solution, while samples with lesser Fe and Mn contents
are tan and stain lavender-beige. Replacement dolomite is coarsely crystalline, with
individual dolomite grains ranging from microns up to 1 mm in diameter. Existing
sedimentary structures are typically destroyed by massive replacement dolomitization. In
contrast, cycle cap dolomite forms thin (1 to 15 cm thick) diagenetic caps on the tops of

the cyclic deposits of the Latemar Limestone. It is restricted to exposed cap horizons that
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have undergone vadose diagenesis. Like replacement dolomite, it is yellow in color but
is microcrystalline, contains low porosity, individual grain sizes range from 1-10 microns
in diameter, and preserves original micrite layers and structures in the limestones. The
petrography of cycle cap dolomite petrography is described in greater detail by
Goldhammer (1987), Wilson (1989), and Schubel (1997). Saddle dolomite is dolomite
with a warped crystal lattice (Radke and Mathis, 1980). It occurs at the edges of open
pores and vugs as a pore-filling cement. It forms zoned crystals on the mm scale, with
inclusions of Fe-oxides outlining the zones. Occurrences and petrography of saddle
dolomite are described exhaustively in Wilson (1989) and Schubel (1997). Because
cycle cap dolomite and saddle dolomite formed during diagenesis and make up a
volumetrically insignificant percentage of the Latemar dolomite (<1%), they are not

considered further in this study.

Limestone-dolomite contacts

Dolomitization is easily visible in the field both on the meter and km scale due to
the color difference (Figure 4.1). Dolomitized areas are 100% dolomite (or nearly so),
and areas of limestone are likewise ~100% limestone with little or (more typically) no
dolomite (Figure 4.2). The transition from unreacted or nearly unreacted limestone to
completely or almost completely reacted dolomite is sharp at the scale of the buildup
(<~0.5 m) (Figure 4.3). In the transition zone, dolomite occurs as an anastomozing
network of veins in unreacted or nearly unreacted limestone, and the dolomite-limestone
contact is sharp even at the mm scale (Figure 4.4). Limestone-dolomite contacts have the

same sharpness regardless of geometry or orientation of the dolomite body.
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Outcrop scale field relations

On the outcrop scale, field observations correspond closely to those reported by
Wilson (1989). At elevations above ~2300 m, replacement dolomite predominantly
forms layer-parallel bodies on the outcrop scale (Figures 4.5 - 4.7). Dolomite crops out
as parallel bands in cross-section that correspond to sheet-like bodies almost exactly
parallel to bedding in limestone. Dolomite occasionally crosscuts limestone at the cm-
scale. The layer-parallel sheet-like bodies can have horizontal dimensions >~10* m?
(Figure 4.8). Sheets at different levels occasionally can be seen interconnected by
vertical dolomite bodies that in some cases are sheets (Figure 4.5) but in other cases may
be tubes. Bodies that appear in cross section as isolated dolomite pods that line up
exactly along the same bedding plane appear to be layer-parallel tube-shaped bodies, or
finger-like extensions of a dolomite sheet exposed in cross section (Figure 4.5). Where
sheet-like bodies are observed connected to vertical bodies, they always extend from
vertical bodies in the up-dip direction (Figures 4.5., 4.6). Layer-parallel dolomite bodies
are located largely in the structurally higher part of the buildup, above the contact
between the massive Lower Edifice and the well-layered cyclic structures of the Latemar
Limestone.

Dolomite also occurs as breccias with dolomite and limestone blocks up to several
m in diameter set in a dolomite cement matrix (Figure 4.9). Breccias are the predominant
occurrence of dolomite below ~2300 m in elevation, below the Lower Edifice - Latemar
Limestone contact. They also occur above ~2300 m, but are much less abundant. At the
10-100 m scale the contact between limestone and dolomite breccia contacts is irregular

and shows no preferred orientation (Figures 4.10, 4.11). At the >100 m scale the
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e dolomite samples
[ limestone o limestone samples

[ ] replacement dolomite

Figure 4.8. Map of Location 2 showing bedding-parallel sheets of dolomite. The eastern
dolomite sheet, exposed both where it is almost exactly parallel to the topographic
surface and in inliers through overlying limestone, has a horizontal dimension >~10* m?.
Contacts and sample locations mapped with laser rangefinder and digital floodgate
compass. Dashed lines indicate edge of area mapped. Sample location letters omit the L-
2 prefix in text and tables.
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dolomite breccias form vertical columns with diameters of ~10-50 m and heights > 100 m
(Figure 4.12). Riva and Stefani (2003) have established that these breccias are associated
with extensional faulting caused by distension of the underlying magma chamber of the
Predazzo volcanic-intrusive complex. These dolomite breccias are not restricted to the
Latemar; work by Zempolich and Hardie (1997) in the Venetian Alps has shown that they
are common in Mesozoic basinal sediments and are associated with faults and fractures.
Zempolich (1995) concluded from the work of Doglioni (1990) and Elder (1977) that
formation of these vertical breccia pipes occurred prior to dolomitization in other parts of
the Dolomites. Sharp contacts between limestone blocks and dolomite cement matrix at
some locations (Location 12, Figure 4.11), however, suggest that brecciation and
dolomitization may have been contemporaneous at least in some cases in the Latemar
buildup. Undeformed dolomite cement that forms the matrix of the dolomite breccias
rules out brecciation after dolomitization.

Dolomite bodies are also associated with basalt dikes (Figure 4.13), occurring in
map view as bands parallel to dikes, and in 3D as sheets parallel to dikes. Dolomite
bodies associated with dikes primarily occur in the upper part of the buildup above the
Lower Edifice - Latemar Limestone contact. Even in the same outcrop, some limestone-
dike contacts are dolomitized and others are not (see also Figure 4.8). The parallel
alignment of the dolomite bodies and dikes indicates that dolomitization postdates
intrusion of the dikes at Location 1. Other occurrences of dikes that cross-cut dolomite
are described in Wilson (1989), and Wilson et al. (1990) concluded some dikes were
emplaced after dolomitization. Overall, emplacement of dikes and dolomitization

appears to be broadly synchronous (Wilson et al., 1990).
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Figure 4.12. Photograph looking south to base of Traverse A. Topographic relief ~ 500
m; width of field of view ~ 1 km. Dolomite breccia forms a vertical column, the top of
which is illustrated in Figure 4.8, is >100 m tall, with a diameter of ~50 m (outlined in
black).
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Figure 4.13. Map view of Location 1. Contacts and sample locations mapped with laser
rangefinder and digital floodgate compass. Dashed lines indicate edge of area mapped.
Sample location letters omit the L-1 prefix in text and tables.
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Interconnected near-vertical and near-horizontal dolomite bodies can form
irregular shapes (Figure 4.14, 4.15). The near-horizontal portions are not exactly layer-
parallel, and the near-vertical portions have neither uniform orientation nor width. They
occur in the upper part of the buildup, above the Lower Edifice - Latemar Limestone

contact.

Regional scale field relations

Figure 4.1 shows an oblique view of the Latemar Limestone with ~500 m vertical
relief and a width of field of view of 1-2 km. The contact between the Latemar
Limestone and the Lower Edifice is located approximately at the base of the photograph
and map, near the Bivacco Latemar. At the 100 m to km scale dolomite bodies show the
same kind of heterogeneous distribution as at the outcrop scale.

The amount of dolomite and orientation of the dolomite-limestone contacts were
recorded along six traverses in order to determine if there is any systematic change in the
amount or geometry of dolomite throughout the buildup over 700 m elevation. To
compare all data, spatial positions in 3D were projected parallel to layering (using
average strike and dip of bedding in the buildup) to a single position in map view (Figure
3.1). The cumulative dolomite/(dolomite+limestone) vs. elevation curve (Figure 4.16)
suggests that there is more dolomite in the lowest part of the buildup than in the upper
parts of the system. This may in part be an artifact, however, that only a single path
allows access to elevations <~120 m, and the path lies in dolomite. Limestone is visible
from a distance in vertical cliffs at elevations <~120 m (Figure 4.12). Nevertheless, even

ignoring curves below ~120, the dolomite/(dolomite+limestone) curve steadily decreases
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in slope with increasing elevation while the limestone/(dolomite+limestone) curve
steadily increases in slope, indicating that the amount of dolomite decreases with
increasing elevation.

The slope of the curve of the cumulative fraction of horizontal contacts between
limestone and dolomite decreases with increasing elevation above 120 m with a major
change at ~321 m (Figure 4.17). This confirms the qualitative observation at the
outcrop scale that more vertical contacts occur in the lower part of the system and more
horizontal contacts occur in the upper part of the system. The change at ~321 m
corresponds to the Lower Edifice - Latemar Limestone contact. The massive, poorly
bedded character of the Lower Edifice is probably the reason for the predominance of
vertical contacts at the lower elevations. The well-developed, meter scale layering in the
Latemar Limestone accounts for the predominance of layer-parallel contacts at higher

elevations that are horizontal or nearly so.

Summary

Replacement dolomite occurs at all elevations between the base of the Lower
Edifice at 1979 m to the peak of the Cima Latemar Piccolo at 2845 m. It forms an
interconnected orthogonal lattice composed of near-horizontal sheets and tubes and near-
vertical sheets and tubes (Figure 4.18). There is a strong control on dolomite geometry
by preexisting structures including bedding planes, fractures, dike-limestone contacts,
and breccia pipes (to the extent that they pre-date dolomitization). The orientations of
near-horizontal sheets and tubes are controlled by bedding planes, while the orientations

of vertical sheets are controlled by fractures and dike-limestone contacts. Vertical tubes
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Figure 4.18. Schematic diagram of trellis-like structure of replacement dolomite
illustrated in cross section. Map locations are shown on the left, while vertical extent of
traverses A-F are shown on the right. The ruled area in the middle represents the
gradiational Lower Edifice - Latemar Limestone contact at ~321 m elevation (measured
elevation 2300 m). The Contrin Formation is completely composed of dolomite.
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of dolomite breccia are controlled by breccia pipes and possibly intersections of fractures.

Wilson et al. (1990) proposed three zones of replacement dolomitization in the
Latemar: a dolomite breccia, an intensely dolomitized zone, and a sparsely dolomitized
zone. They conclude these zones of dolomitization form a large mushroom shape,
approximately 2.5 km across and 700 m high, with meter-scale dolomite “fingers”
stretching along certain preferred directions, with a total volume of dolomite approaching
2 to 3 km® (Wilson et al., 1990). The regional-scale field observations in this study do
not appear to show any evidence for this large mushroom shape of dolomitized rock.
Similarity between the distribution of dolomite on the outcrop scale (Figures 4.5 - 4.15)
and on the regional scale (Figure 4.1) implies that there is a trellis-like structure of

replacement dolomite rock at the outcrop and all larger scales.
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Chapter 5

Mineralogy, Texture, and Mineral Chemistry of Dolomites and Limestones

Mineralogy and Textures

The Latemar dolomites and limestones are almost entirely composed of dolomite
and/or calcite. Trace minerals of diagenetic and/or hydrothermal origin include iron
oxides, K-feldspar, quartz, or pyrite. Trace minerals of detrital origin include K-feldspar,
quartz, rutile, biotite, zircon, apatite, gypsum, anhydrite, ilmenite, fluorite, monazite,
corundum, and garnet. Some dolomite samples have hydrocarbon coatings on the inside
of the pore spaces. Except in the narrow transition zone between limestone and dolomite,
typical Latemar dolomites contain 81-97 modal % dolomite, 0-3% calcite, and 3-16%
pore space (Table 5.1, Figure 4.2). Typical Latemar limestones contain 91-99 modal %
calcite, 0-7% dolomite, and 1-9% pore space. Amounts of other trace minerals in both
dolomite and limestone never exceed, with one exception, 0.2 modal %.

Almost all analyzed samples of Latemar limestone samples have low porosity
(average = 3%, range = 1-4%) and are composed almost entirely of calcite with scattered
euhedral, K-feldspar grains (Figure 5.1). The euhedral K-feldspar crystals are considered
authigenic rather than detrital, because of their shape and K-rich composition (Spotl et
al., 1996; Sandler et al., 2004). Many limestone samples also contain small amounts of
dolomite (~5%), either as isolated grains (Figure 5.2) or as crystals decorating fractures
(Figure 5.3). Figures 5.4-5.9 illustrate textures and occurrences of trace minerals in
several uncommon samples of limestone. A few samples show preferential

dolomitization of aragonitic fossils such as dasyclydacean algae (Figures 5.4 and 5.5).
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Table 5.1. Modal distribution of minerals in limestone, orange (Fe-rich) dolomite, and
tan (Fe-poor) dolomite.

%

%

%

%

rock type Sample Calcite Dolomite Pore Space  Accessory'
limestone L-1E 93.56% 5.18% 1.32% 0.08%
limestone L-1F 96.19% 2.84% 1.07% 0.05%
limestone L-8A 96.26% 1.02% 2.76% 0.03%
limestone L-8B 94.55% 3.31% 2.23% 0.09%
limestone L-8E* 75.44% 21.89% 3.11% 0.05%
limestone L-8F 96.99% 0.35% 2.68% 0.17%
limestone L-8H 97.60% 0.95% 1.73% 0.08%
limestone L-8I 91.89% 0.53% 8.75% 0.00%
limestone L-8L 91.18% 4.58% 4.30% 0.03%
limestone L-8P* 78.94% 19.61% 1.54% 0.07%
limestone LAS-39 97.29% 0.00% 2.75% 0.01%
limestone LAS-44 91.43% 6.97% 1.84% 0.01%
limestone L-1A 98.93% 0.42% 0.85% 0.06%
limestone LAS-1 94.95% 2.20% 2.92% 0.03%
limestone LAS-17 97.50% 0.00% 2.74% 0.04%
limestone LAS-35 96.59% 0.57% 3.00% 2.95%
Fe-rich dolomite L-1C 1.28% 92.75% 6.10% 0.04%
Fe-rich dolomite L-1D 0.00% 91.64% 9.31% 0.05%
Fe-rich dolomite LAS-43 0.01% 90.54% 9.58% 0.00%
tan dolomite 8T-1* 27.84% 66.37% 6.27% 0.00%
tan dolomite 8T-12 0.35% 92.83% 6.99% 0.00%
tan dolomite 8T-2 1.68% 88.28% 10.31% 0.00%
tan dolomite 8T-9 2.78% 80.90% 16.41% 0.00%
tan dolomite L-1B 1.77% 91.09% 7.24% 0.02%
tan dolomite L-8C 1.22% 93.84% 4.98% 0.00%
tan dolomite L-8D 1.72% 88.98% 9.44% 0.00%
tan dolomite L-8Q* 1.23% 92.40% 6.52% 0.02%
tan dolomite LAS-24 1.55% 89.77% 9.24% 0.00%
tan dolomite LAS-34 2.48% 90.68% 6.98% 0.00%
tan dolomite LAS-5 0.00% 91.22% 8.92% 0.02%
tan dolomite LAS-51 0.00% 96.94% 3.14% 0.01%
tan dolomite LAS-52 0.81% 95.04% 4.20% 0.00%
tan dolomite LAS-54 0.47% 93.69% 5.89% 0.00%

Notes: * indicates samples that are in the narrow transition zone between limestone and
dolomite. "accessory minerals include K-feldspar, iron oxides, pyrite, quartz, apatite,
rutile, zircon, biotite, gypsum, anhydrite, ilmenite, sphalerite, fluorite, monazite,
corundum, and garnet.
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Rare limestone samples exhibit an unusual texture of strings of dolomite and K-feldspar
formed along stylolites (Figures 5.6, 5.7). Still other rare samples contain areas of
dolomitization that are associated with the occurrence of K-feldspar and Fe-oxide
(Figures 5.7 and 5.8). In these, K-feldspar occurs as ropy, twisted aggregates and tend to
be associated with stylolites. In other areas dolomite occurs as isolated grains and Fe-
oxide occurs along the calcite grain boundaries and cleavage planes (Figure 5.9). This
association of Fe-oxide with K-feldspar tends to occur in samples where dolomite is not
otherwise present.

Almost all analyzed samples of Latemar dolomites are nearly entirely composed
of the mineral dolomite. Textures and chemical zoning in dolomite is variable. Texture
and zoning is unrelated to porosity. Dolomites are more porous than limestones,
although the degree of porosity is variable. Most dolomites are composed of
compositionally zoned dolomite crystals with anhedral cores full of calcite inclusions and
euhedral, inclusion-free, concentric, chemically zoned rims (Figure 5.10). Others
samples contain compositionally zoned dolomite with calcite inclusions scattered
throughout the grain (Figure 5.11). The number of concentric chemical zones in each
dolomite crystal is usually >15, and the zones have widths that vary over an order of
magnitude, from 1 um to 50 um. These zoning patterns are localized on the mm scale
within each sample, and adjacent dolomite crystals generally exhibit the same zoning
pattern.

Less commonly, dolomites are composed of unzoned dolomite crystals (Figure
5.12) or crystals with patchy rather than concentric compositional zoning (Figure 5.13).

In general, the unzoned or patchy dolomite crystals contain fewer calcite inclusions than
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igre 5.. BSE iag of representative dlomite-fre Iimese with trace
euhedral K-feldspar (sample LAS-17).
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Figre 5.2. epresentative BSE iage of dolomiegrlns in doImitpr
limestone (sample L-11F).

51



Figure 5.3. SE iage of dolomite dvelopedalong fracture '_ Iimestne
(sample L-12F).
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Figure 5.4. Digital photograph of polished surface of sample LAS-7, stained for
calcite (red) and dolomite (blue), showing preferential dolomitization of
aragonitic dasycladacean algae fossils (arrows). Numbered spots are drill sites
sampled for stable isotope analysis.
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Figure 5.5. BSE image of preferential dolomitization of aragonitic dasycladacean
algae and possibly aragonitic carbonate clasts (sample L-12D).
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igure 5.6. BSE imge of strings of doloite nd -feldsar evloped Iong
stylolite in limestone (sample LES-8).

55



Figure BSE image of Kfldar and Fe-oxide develoed with dolomite
along stylolite in limestone (sample L-8H).
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Figue .8. E image ofdolmiteassociated with Fe-oxide and -fedspar
(sample LAS-31).

57



iu re 5.9. BSE image of dolomite associated with Fe-oxide in limestone
(sample L-1H). Black areas are pores and pluck marks. Fe-oxide occurs along
grain boundaries and cleavage planes of calcite.

-

58



Figure 5.10. Representative BSE imége of zoned dolomite grains, that have
calcite inclusion-rich cores and concentrically zoned, inclusion-free rims (sample
L-1C). Black areas are pores and pluck marks.
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Figure 5.11. BSE image ofexample of concentric compositonall zoned, tan,
Fe-poor dolomite, with calcite inclusions scattered throughout the dolomite
(sample 8T-4). Black areas are pores and pluck marks.
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Figue 5.12. Representative BSE image of unzoned, tan, Fe-poor dolomite
(sample LAS-5). Black areas are pores and pluck marks.
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Figure 5.13. BSE image of eple of orange, Fe-poor dolomite exhibiting
patchy rather than concentric compositional zoning (sample L-13B). Black areas
are pores and pluck marks.
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their concentrically zoned counterparts, or they may not contain any calcite. A few
dolomite samples contain rare scattered euhedral quartz crystals. The quartz crystals are
surrounded by unzoned dolomite, and may or may not contain calcite and dolomite
inclusions (Figures 5.14 and 5.15).

The concentric compositional zoning observed in the BSE images of Latemar

dolomite is visible in cathodoluminescence images as well (Figure 5.16).

Major Element Chemistry

The Latemar limestones and dolomites can be grouped by field occurance (Table
5.2). The groups include (1) outcrops that are entirely limestone (Locations 4, 9), (2)
limestone and dolomite samples from outcrops that contain both limestone and dolomite
(Locations 1, 2, 5, 6, 7, 8, 11, 12, 13), (3) outcrops of dolomite breccia (Locations 11,
12), (4) limestone and dolomite samples from Traverses A-F, and (5) orange dolomite
regardless of location. A summary of the major element chemistry of calcite and
dolomite, measured by electron microprobe and arranged by occurrence, is presented in
Table 5.2. Major element chemistry data for each sample is listed in Appendix I1.

The calcites are nearly pure CaCO3 (Figures 5.17-5.20), although calcites in
dolomite samples contain more Mg than calcites from limestone samples (Figure 5.19),
which may be an artifact of analyzing small calcite grains in a dolomite matrix. The Mg
enrichment in the calcites in these dolomite samples may be due to ablation of the calcite
and penetration of the electron beam into underlying dolomite during microprobe

analysis. Most dolomites are enriched in Fe relative to calcite, with orange dolomites

63



Figure 5.14. BSE image of inclusion-free quartz in unzoned, Ferich, inclusion-
free dolomite (sample L-6B). Black areas are pores and pluck marks.
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Figure 5.15. BSE image of quartz with calcite inclusions in tan, Fe-poor,
unzoned dolomite (sample LES-14). Black areas are pores and pluck marks.
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Figure 5.16. CL image of compositional zoning in tan, Fe-poor dolomite (sample
L-12B).
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Table 5.2. Average major element chemistry (Ca, Mg, Fe) of limestone and dolomite

according to protolith, in cations per CO3. Sr and Mn are below detection limit.

Field occurrence Rock type Mineral Ca Mg Fe
(1) limestone outcrops limestone calcite 0.993 0.124 2.80.10"
dolomite  Calcite 0.983  0.022 6.6810™
(2) outcrops with limestone dolomite  0.574 0.489 6.44.10°
and dolomite limestone  CAICite 0.992 0.123  4.38.10"
dolomite  0.588 0.473 5.93.10°
(3) dolomite breccia dolomite  dolomite  0.578 0.493 3.65.10°
limestone calcite 0.995 0.138 3.52.10"
(4) traverses A-F dolomite  0.584 0481  7.91.10°
dolomite calcite 0.977 0.304 7.51.10"
dolomite  0.563 0.506  7.72:10°
(5) orange dolomite dolomite  dolomite  0.556 0.496  1.66-107
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particularly so (Figures 5.21-5.24). The orange, Fe-rich dolomites generally do not
exhibit compositional zoning in backscatter images or in CL images (e.g., Figures 5.12-
5.15). Dolomites with lower Fe contents typically show concentric zoning on crystal
rims (e.g., Figures 5.11, 5.16).

X-ray maps of zoned dolomite demonstrate that the compositional zoning
observed in BSE images is primarily caused by variations in Fe content rather than
variations in the Ca or Mg content (Figure 5.25). Traverses across zoned dolomite
crystals with the electron microprobe reveal that the Fe variation across the compositional

zones ranges from 0.002 to 0.016 Fe atoms per CO:s.

Trace Element Chemistry

Twenty six samples of dolomite and twelve samples of calcite (seven with whole
rock &'%0>26%o) were analyzed for selected major and trace elements using LA-ICPMS
(Table 5.3; Figures 5.26-5.34). Measurements for individual samples are listed in
Appendix I11. Elements are plotted against Mn in Figures 5.26-5.34 because among the
trace and minor elements in calcite and dolomite, Mn in the most likely conserved during
mixing of seawater and seafloor hydrothermal fluids (Von Damm and Lilley, 2004).

Like the major element Mg, the first group of elements (Fe, Mn, Zn) display
significant enrichment in dolomite compared to calcite. In addition, there are positive
correlations among their concentrations in dolomite. For all analyzed dolomite samples,
91%, 84%, and 71% have Fe, Mn, and Zn contents, respectively, greater than the range of

all analyzed calcite samples (Figures 5.26, 5.27).
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calcite in isotopically unaltered limestone

calcite
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LS / 96%
O calcite with 26%o < 8180 < 27%o /\/\/\/\95%

B calcite with 20 > 27%o

Figure 5.17. Major element composition of calcite in isotopically unaltered limestone
(whole rock §'0>26%o).
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calcite in limestone only outcrops
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Figure 5.18. Major element composition of calcite in dolomite-free limestone.
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calcite in outcrops of mixed limestone and dolomite

calcite CaCO,
compositions /\

20% LN NANNNNAN/N
/NONINONNNNAN/N

%

=R
o

2 %
°

o,
°

MgCO,

[ calcite in limestone sample

B calcite in dolomite sample

Figure 5.19. Major element composition of calcite from outcrops that contain both
limestone and dolomite. High Mg content of calcite in some dolomite samples is likely
an artifact of analyzing small calcite grains in a dolomite matrix.
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calcite in limestone along traverses

calcite = CaCO;,
comp03|t|ons /\

80%

TAVAVA

o

CaM CO3 aFe 3)o
P AVAVAVAVAVA SR

AVAVAVAVAVAVA

N \VAVAVAVAVAVAVA

AAAAAUYYAYAY

MgCO, S S B vD \ FeCO3
-

CaCo,

99%

98%

97%

96%

AN
/\/\/\/\/ \,.

Figure 5.20. Major element composition of calcite from limestone outcrops in Traverses
A-F.
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dolomite in outcrops of mixed limestone and dolomite

O dolomite in limestone sample
l dolomite in dolomite sample

60% CaCO,

CaFe(CO,),

50%
100% CaMg(CO,), 20% CaFe(CO;),

Figure 5.21. Major element composition of dolomite from outcrops that contain both
limestone and dolomite.
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dolomite along traverses in outcrops of mixed limestone and dolomite

O dolomite in limestone sample
W dolomite in dolomite sample
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Figure 5.22. Major element composition of dolomite from dolomite outcrops in
Traverses A-F.
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dolomite in dolomite breccia

CaCO,

60% CaCO,
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52% N\ ° T
50%/ \/\N\/\

100% CaMg(CO), 20% CaFe(COs;),

Figure 5.23. Major element composition of dolomite in outcrops of dolomite breccia.
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orange dolomite
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Figure 5.24. Major element composition of orange dolomite.
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The positive correlation between Fe and Mn is well-defined and approximately linear; the
correlation between Mn and Zn is distinct but weaker. The correlations among Fe, Mn,
and Zn in dolomite indicate that Fe, Mn, and Zn were added in approximately constant
proportions during the conversion of calcite to dolomite.

A second group of elements (Ca, Sr) display significant depletion in dolomite
compared to calcite. 79% of dolomite samples have Sr contents less than the range of all
analyzed calcite (Figure 5.28). Strontium was lost from calcite during its conversion to
calcite. Loss of Sr during the calcite-dolomite reaction is explained by its ionic radius
(1.16A) that is similar to that of Ca (1.00A) but much larger than Mg (0.72A) (Shannon
and Prewitt, 1969).

A third group of elements (Co, Ni, Cr, and Cu) have completely or nearly
completely overlapping concentrations in both dolomite and calcite (Figures 5.29-5.32),
showing no evidence for either enrichment or depletion during the conversion of calcite
to dolomite.

The fourth group of elements (Ba and Pb) sometimes have values greater in
dolomite than the range in calcite values (13% of dolomite samples for Ba, 5% for Pb),
but the Ba and Pb values of calcite and dolomite largely overlap (Figures 5.33 and 5.34).
Although data are somewhat equivocal, there is no compelling evidence for either

enrichment or depletion of Ba or Pb during the conversion of calcite to dolomite.
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6.

Table 5.3. Average LA-ICPMS and microprobe data for Latemar calcites and dolomites, in cations per CO3. Values in parentheses
after the average value are the standard deviation. The total range of measured values is given on the second line.

Cations
per CO3

% of dolomite samples
outside of range of
calcite values'

calcite in isotopically
unaltered limestone*

orange

tan dolomite dolomite

Ca

Mg

Mn

Fe

Zn

Sr

Cr

Co

average
range

average
range

average
range

average
range

average
range

average
range

average
range

average
range

9.86-10™ (2.73:10%)

5.26-10™ (1.50-10%)

5.19:10™ (9.00-10°%)

0
9.82.10™ - 9.90-10 5.0510"-54910° 51010 -546.10" 100%
1.33-10%(2.65:10%) 4.68-10™ (1.40-10?) 4.60-10" (1.10-10%) 100%
9.89:10°- 1.67-10™ 4.47-10™" - 4.87.10" 4.34.10" - 4.75.10™
2.69:10” (2.01-10) 2.76-10™ (1.82:10 5.57-10"* (1.58-10™) 91%
2.89-10°-1.13.10" 3.60-10°-1.17.10" 8.36:10° - 8.53-10" 0
4.46-10" (1.93-10) 6.43.107 (6.36-10°%) 2.29:10 (6.15-10°%) 84%
1.89.10™ - 8.79-10™ 41510 - 4.50.10* 9.85.10° - 3.55.10™ 0
1.20-10° (2.88:107) 5.05.10° (3.02:10°°) 1.22:10” (6.69:10°) 19
6.26:107 - 1.70-10°° 1.05:10° - 1.35.10” 1.90.10° - 2.57.10” 0
1.85:10™ (3.89:107) 4.72-10” (2.21-10) 3.30-10” (1.16-10) oy
6.92.10° - 2.76-10™ 1.69:10° - 9.92.10” 1.84.10” - 6.82:10™ 0
9.18:10° (6.26-10°°) 8.68-10° (3.80-10°°) 4.80-10° (2.51-10°%) 10
5.11.10° - 2.43.10” 2.85.10°-1.81.10" 2.24.10°-1.38.10" 0
1.20-10° (1.22:10°) 5.42:107 (4.86-10°) 1.41.10° (1.04-10°) 0%

1.44-107 - 3.39.10°

1.26:107-2.21.10°

1.63-107 - 3.18.10°




[}
o

Table 5.3.

cont.

Ni

Cu

Ba

Pb

average
range

average
range

average
range

average
range

1.98:10° (1.43-10")
6.69:10° - 5.46.10™

7.24.107 (5.13:107)
1.88:107 - 1.63-10°°

6.15-107 (2.61-10°)
2.03.107-1.23.10°

8.60-107 (4.02:10®)
2.76:10%-1.76.10""

1.51.10° (9.43.10°)
4.23-10° - 3.60.10”

9.58-107 (1.38-10°°)
1.28:107 - 1.09-10”

8.32:107 (5.72:107)
1.70-107 - 3.66-10°°

1.06:107 (9.84-10)
2.17:10%-6.11.10"

1.97.10° (1.89:10)
4.90-10° - 6.20.10”

8.83:107 (1.13-10°°)
1.46.107 - 7.08-10°°

7.36:107 (3.36:107)
1.90.107 - 1.79-10°°

1.03-107 (6.86:10)
2.79:10° - 4.56.10”

3%

3%

13%

5%

Notes:

* whole rock §¥0>26%o

" 9% analyzed dolomite samples with concentration of an element that is greater than or less than the range of measured calcite values.
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Figure 5.26. Concentrations of Fe and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Figure 5.27. Concentrations of Zn and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the

size of the symbol.
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Figure 5.28. Concentrations of Sr and Mn in calcite and dolomite, measured by LA-

ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Figure 5.29. Concentrations of Cr and Mn in calcite and dolomite, measured by LA-

ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Figure 5.30. Concentrations of Co and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the

size of the symbol.
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Figure 5.31. Concentrations of Cu and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Figure 5.32. Concentrations of Ni and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the

size of the symbol.
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Figure 5.33. Concentrations of Ba and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Figure 5.34. Concentrations of Pb and Mn in calcite and dolomite, measured by LA-
ICPMS. Error bars (standard error propagation) are shown where error is larger than the
size of the symbol.
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Chapter 6

Stable Isotopes

All measurements of "°C (%o VPDB) and 8'*0 (% VSMOW) for calcite and
dolomite samples are listed in Appendix IV. Measured 8'°0 values range from 23.4 to
28.9%0 VSMOW for calcite (Figure 6.1), from 21.5 to 25.5%0 VSMOW for tan dolomite,
and from 22.6 to 26.5% VSMOW for orange dolomite. Measured 3'°C values range
from 1.1 to 4.0%0 VPDB for calcite, from 1.9 to 4.0%0 VPDB for tan dolomite, and from
2.4 t0 4.6%0 VPDB for orange dolomite.

In any discussion of the §'*0 of calcite and dolomite within a single outcrop or
across the entire buildup, it is necessary to correct one or the other value for the
fractionation of '*0 and '°O between the two minerals so they may be directly compared.
The less numerous values of 8180(331 were corrected for direct comparison with measured

81801301. The relevant correction added to all measured SISOCal values 1s

6
Apyca =00, =80, =0.45x (QJ ~0.40 (6.1)

TZ

(Sheppard and Schwarcz, 1970). The values of T (25-53°C) used to compute values of
Apol-cal for each calcite sample are explained in Chapter 8. Values of Ap,l.ca calculated
from Equation 6.1 are comparable to those computed from the vibrational frequencies of

calcite and dolomite given in Deines (2004)

T2

6
Apy ey =070, =80, =0.52x (ﬁj -0.50 (6.2)
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Figure 6.1. Measured 8"3C vs. 880, for calcite samples. Most fall in the range of
normal Middle Triassic carbonates (gray box based on measurements of whole rock and
brachiopod samples, Korte et al., 2005).
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(from Chacko, personal communication). The difference in the fractionation factors
calculated from Equations 6.1 and 6.2, between -0.37 and +0.20 for T<100°C, are small
compared to the measured range in 8180(331. All measured values of §'°C and SISODol and
calculated 8" 0ca + Apor.cal values for calcite and dolomite are presented in Figure 6.2.
The range in 8'°0 is very large compared to the range in 8'°C, which is nearly constant
for all samples. The 'O of dolomite is significantly lower than the corrected 3'°0 of
calcite, with virtually no overlap between the dolomite values and the calcite values.
Calcite 8'0 values indicate '®O depletion of a few limestones relative to typical Middle
Triassic marine carbonates (Figure 6.1) (Veizer and Hoefs, 1976; Korte et al., 2005). In
contrast, all of the dolomites are depleted in '*O relative to calcites. On the other hand,
there is an almost complete overlap in the §"°C values of calcite and the dolomite. The
8'°C data indicate that the 5"°C of most of the dolomite samples was inherited from the
limestone protolith. The 8'°C of all samples is within the range of the 5"°C of normal
Triassic marine carbonates (Veizer and Hoefs, 1976; Korte et al., 2005).

The variation in 8'*0 within single outcrops (Figures 6.3-6.4) is nearly as great as
the variation across the entire buildup. Data from Location 8 (Figure 6.3) demonstrate
particularly well at the outcrop scale that 8'°Cp, was normally inherited directly from the
precursor calcite in limestone but that the 3'°0 of dolomite is significantly less than the
calcite precursor. The single exception to this generalization that '°Cp, was inherited
directly from the precursor calcite in limestone is found in Location 7 (Figure 6.4). The
813CD01 of all but one orange dolomite is ~ 2%o higher than §'3C of both tan dolomite and

calcite in the same outcrop. The §"°C of these orange dolomite samples overlaps the
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Figure 6.2. 813C vs. 8"80p,; or 83041 + Apol.cal for calcite and dolomite samples,
grouped according to rock type. All analyzed samples in the study area are plotted.
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Figure 6.3. §13C vs. 8180])01 or SISOCal + Apol-cal for calcite and dolomite samples in
Location 8, grouped according to rock type.
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Figure 6.4. §13C vs. 8180])01 or SISOCal + Apol-cal for calcite and dolomite samples in
Location 7, grouped according to rock type.

95



range of 8"°C values for dolomite in the underlying Contrin Formation. This relationship
is explained later in Chapter 9.

There is also no systematic change in 3'°0 with elevation in calcite (Figure 6.5),
although there is a weak trend of increasing &' °Op, with elevation that probably reflects
increasing average temperature with depth. This weak trend (approximately -50°C/km) is
used to constrain dT/dz in time-integrated fluid flux estimates in Chapter 9. There is a
trend of decreasing 8'°C with increasing elevation for both calcite and dolomite (Figure
6.6). The lower "°C in almost all calcite samples and many dolomite samples above 350
m, which corresponds to the stratigraphic contact between the Lower Edifice and the
Latemar Limestone, may simply correspond to a change in the primary 8"°C across the

stratigraphic boundary.
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Figure 6.5. 8" 0pos or 88 0cq + Apol.cal VS. elevation for calcite and dolomite. There is
no systematic change in 8'*O for calcite with increasing elevation. There is a weak trend
in 8"%0 for dolomite; with the exception of one sample, all the analyzed dolomite below
350 m has 5'%0<26%o. The 'O gradient in dolomite corresponds to a temperature
increase of 50°C/km with depth.
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Figure 6.6. 8'"°C vs. elevation for calcite and dolomite. §"°C in most samples is lower at
elevations above ~350 m, corresponding to the Lower Edifice - Latemar Limestone
stratigraphic (Anisian-Ladinian) boundary, than those below ~350 m.
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Chapter 7

Source of Dolomitizing Fluid

The ¥St/**Sr and trace element compositions of replacement dolomite and
limestone protolith, the salinity of fluid inclusions in dolomite, and the estimated Ca/Mg
ratio of fluid required to convert limestone to dolomite all constrain the source and nature

of the dolomitizing fluids in the Latemar.

¥'Sr/*sr

For unaltered calcite (Fe < 500 ppm, and Sr/Mn < 5), *’Sr/**Sr isotope ratios
ranges from 0.707430 to 0.707580, with higher *’St/**Sr in the Lower Edifice than in the
Latemar Limestone (Pursell, 1997). The *’Sr/**Sr in replacement dolomite ranges from
0.707552 to 0.707867 (Wilson et al., 1990). Although the *’St/**Sr values of dolomite
reported by Wilson et al. (1990) are generally higher than those for calcite measured by
Pursell (1997), both sets are within the 0.70740 - 0.70790 range of values for Triassic
seawater given by Burke et al. (1982). The dolomitizing fluid must have had the

87q../86 S
same”'Sr/""Sr as Triassic seawater.

Fluid Inclusions

Freezing temperatures measured by Wilson (1989) for fluid inclusions in
replacement dolomite indicate that the salinity of the dolomitizing fluid corresponds to
3.5 to 5.1 weight percent NaCl. Modern seawater has a 3.5 weight percent NaCl

equivalent salinity. The dolomitizing fluid must have had a similar salinity.
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Ca/Mg ratio

Given the temperature of dolomitization, it is possible to calculate the Ca/Mg
ratio of the fluid needed to drive the calcite - dolomite reaction. Assuming reaction
temperatures of 50-90°C (the range temperatures of dolomitization, given by oxygen
isotopes, are discussed in Chapter 8), the Ca/Mg ratio for the fluid coexisting with calcite

and dolomite can be computed from

aCa“

o J2LTCO)
a_ . 1000

Mg

log (7.1)

(Hyeong and Capuano, 2001). Equation 7.1, fit to the Ca/Mg ratios in natural pore
waters where calcite and dolomite are in equilibrium at 43-150°C, gives Ca/Mg ratios of
fluid that are similar to but higher than those predicted by SUPCRT92 for disordered
dolomite and calcite (Johnson et al., 1992, using data from Helgesen et al., 1978), and
inferred from experimental data of Rosenberg et al. (1967) and Rosenberg and Holland
(1964) for calcite-dolomite-fluid equilibrium (Table 7.1). The relation of Hyeong and
Capuano (2001) is preferred over those derived from experimental and thermodynamic
data for three reasons. First, equations based on experiments extrapolate data from
elevated temperatures (>275°C) to the lower temperature of dolomitization (50-90°C) in
the Latemar. The data of Hyeong and Capuano (2001) overlap in temperature with the
temperature of dolomitization in the Latemar. Second, equations based on experiments
and thermodynamic data assume mineral-fluid equilibrium during dolomitization while
the empirical equation of Hyeong and Capuano (2001) does not (although Hyeong and
Capuano do conclude that the pore fluids they analyzed were close to equilibrium with
coexisting calcite and dolomite). Third, the thermodynamic calculations assume

completely disordered dolomite and the experiments involved dolomite of an unknown
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Table 7.1. Ca/Mg of fluid coexisting with calcite and dolomite.

Source 150°C  90°C 80°C 70°C 50°C
Rosenberg, et al. (1967):
M. —1.14x10°
log —*— = S +3.15 285 1.02 0.83 067 042
Mg T(°K)
(for 295-420°C, 1M)
Rosenberg and Holland (1964):
M. —1.00x10°
log—=— = +2.98
gmMg2+ TCK) 413 1.68 140 1.16 0.77
(for 275-420°C, 2M)
SUPCRT disordered dolomite
(Johnson et al., 1992) 437 1.68 1.55 128 0.83
Hyeong and Capuano (2001):
a ++ . * N
log 2 — _g 294 121 TCE) 727 268 227 193 138
a_ .. 1000

Mg

(for 43-150°C)
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ordering state. It is not known how well this represents partially disordered dolomite
(s=0.4) like that found in the Latemar (Schubel, 1997). Regardless of method used to
estimate the Ca/Mg of the fluid coexisting with calcite and dolomite during formation of
replacement dolomite, the Ca/Mg was almost certainly in the range of 0.42-2.68 for
dolomitization at 50-90°C. The dolomitizing fluid therefore must have had a Ca/Mg <

0.42-2.68. The preferred estimate is Ca/Mg < 1.38 based on Equation 7.1.

Trace Elements

Replacement dolomite in the Latemar is enriched in Fe, Mn, and Zn relative to the
limestone protolith. The positive correlation in these elements indicates that Fe, Mn, and
Zn were added in approximately constant proportions during the conversion of calcite to
dolomite. Dolomite is neither enriched in Co, Ni, Cr, Cu, Pb, and Ba relative to calcite,
nor are there correlations between any of these elements and Fe, Mn, or Zn.
Dolomitizing fluid therefore should contain significant Fe, Mn, and Zn but not Co, Ni,
Cr, Cu, Pb, or Ba and should exhibit variable Fe, Mn, and Zn contents but approximately
constant Fe/Mn and Zn/Mn.

Considering the trace element chemistry of the dolomite, the salinity estimated
from fluid inclusions, the *’Sr/**Sr of dolomite, and the low Ca/Mg of fluid required for
dolomitization, it is possible to identify a plausible modern analog to the dolomitizing
fluid (Table 7.2). The dolomitizing fluid (“target” fluid, Table 7.2) must have a Ca/Mg
<1.38, significant amounts of Fe, Mn, and Zn that are variable in space and/or time,

¥7Sr/%Sr = 0.707552 - 0.707867, and salinity near that of seawater (~546 mM Cl).
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Triassic seawater, an obvious candidate for the dolomitizing fluid, has appropriate
salinity, ¥7Sr/*%Sr, and Ca/Mg (Hardie, 1990; Burke, 1982), but has too small
concentrations of Fe, Mn, and Zn. A more detailed analysis of this will be presented later
in Chapter 9.

Conversely, Red Sea brines, Salton Sea geothermal fluids, Gulf Coast oil field
brines, and Creede Ag-Pb-Zn ore fluids all have high Fe, Mn, and Zn concentrations but
their Cl concentrations and Ca/Mg are much too high to have been viable dolomitizing
fluids (Skinner, 1997; Zierenberg, 1990). Although many Ag-Pb-Zn ore fluids are
commonly associated with Fe, Mn, and Zn enrichment in carbonates and have a positive
correlation within the dolomites surrounding the ore deposit, the '*0 and 8'°C in these
dolomites are much lower (8'*0 = +11%, SMOW and §'"°C = -5%o PDB) than those of the
Latemar dolomite (Large and McGoldrick, 1999). Additionally, these fluids are unlikely
to be found in a geologic setting such as the Latemar.

Mid-ocean ridge black-smoker vent fluids have chloride concentrations that are
similar to the target chloride concentrations of the dolomitizing fluid, and contain
significant amounts of Fe, Mn, and Zn (Von Damm, 1990). However, their Ca/Mg ~ oo is
impossibly high to form dolomite (Mg is stripped out of seawater in mid-ocean ridge
hydrothermal systems and is not present in black smoker and white smoker type vent
fluids). Additionally, the high temperatures (up to ~ 350°C) of mid-ocean-ridge fluids
cause many of these trace metals to form sulfide complexes upon mixing with cold
ambient seawater, thereby removing them from solution. The *'St/**Sr in modern vent
fluid, which represents seawater exchange with MOR-type basalts, is also lower than that

measured in the Latemar dolomite.
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Table 7.2. Potential modern analogues to dolomitizing fluids.

Target Triassic o qu S3e4a Saltop §ea Oil ‘ﬁegd Creed; g)re EPR .Ve6n7t Diffuse8 .
seawater brine™ fluid brine fluid fluid™ effluent™
Cl (mM) ~546 546 4410 4260 4460 1312 490 570
Ca/Mg <1.38 0.29 3.8 489 12.8 8 el 0.33
87, /86 0.707552 - 0.70740 - 0.70696 - 0.7037 - 0.70758 -
SUTST 0707867 070790 0.70782 NA NA NA 0.7045  0.7092
Fe (mM) (+) 1 x10° 1500 27,900 5340 NA 1660 710
Mn (mM) (+) 5x107 1500 26,400 NA 12,600 960 170
Zn (mM) (+) 6 x107 46 7920 4590 19,900 106 10
Notes: (+) indicates a significant amount is required. Values in italics represent values that do not match the target requirements.
! Hardie (1996)
? Burke et al. (1982)
3 Zierenberg (1990)

* Pierret et al. (2001)

> Skinner (1997)

% 21N EPR, sample OBS, Von Damm (1990)
" Ravizza et al. (2001)

® TAG 1995 site 2896-2, sample HT20, GSA data repository 9667, James and Elderfield (1996)

? Kelley et al. (2005)



On the other hand, diffuse effluent (a hydrothermal fluid that flows diffusely from
the flanks of mid-ocean ridges, at T = 50-100°C and that is approximately a mixture
between seawater and black smoker type vent fluid) is a fluid that fits all the target fluid
characteristics. It has chloride concentrations of ~570 mM, *'Sr/**Sr in the range of the
Latemar dolomites (Kelley et al., 2005), Ca/Mg <1.38, and significant quantities of Fe,
Mn, and Zn (James and Elderfield, 1996). Additionally, the Fe, Mn, and Zn
concentrations vary but occur in nearly constant proportion (Figures 7.1-7.2). Data from
the TAG mound on the Mid-Atlantic ridge (black circles) were taken from various sites
along the ridge flank at the same time (James and Elderfield, 1996), while data from
9°50'N East Pacific Rise (white circles) are taken at the same sampling site over a period
of eleven years (Von Damm and Lilley, 2004). The variations in Fe, Mn, and Zn
contents occur over both space and time in diffuse effluent. Furthermore, there is very
little Cu in diffuse effluent (Figure 7.3) (James and Elderfield, 1996) and no correlation
between Cu and Mn (or Fe or Zn) contents. The absence of published data for the Co,
Ni, Cr, Pb, and Ba contents of diffuse effluent does not allow for testing the prediction
that diffuse effluent should contain very small concentrations of these elements with no
correlations of their concentrations with those of Mn, Fe, and Zn. The Predazzo
volcanic-intrusive complex likely drove the hydrothermal system that produced diffuse
effluent. Located structurally below the Latemar, it was active at the time of
dolomitization and provided a source of heat, Fe, Mn, and Zn added to the Triassic

seawater circulating through it.
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Figure 7.1. Fe vs. Mn concentrations in diffuse effluent (DE) from the TAG site on the
Mid-Atlantic Ridge (black circles; James and Elderfield, 1996) and 9°50'N East Pacific
Rise (white circles; Von Damm and Lilley, 2004). Seawater (white square) from Von
Damm (1990), black smoker (black triangle) and white smoker (white triangle) from
Edmond et al. (1995) for reference. The TAG site data represent samples taken at the
same time in different locations across the Mid-Atlantic Ridge flank, and the East Pacific
Rise data points represent samples taken at the same location over a period of 11 years.
There is a similar positive correlation between Fe and Mn in both sets of DE samples,
indicating that Fe and Mn vary in both space and time but occur in an approximately
constant proportion.
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Figure 7.2. Zn vs. Mn concentrations in diffuse effluent (DE) from the TAG site on the
Mid-Atlantic Ridge (black circles; James and Elderfield, 1996). Seawater (white square)
from Von Damm (1990), black smoker (black triangle) and white smoker (white triangle)
from Edmond et al. (1995) for reference. The TAG site data points represent samples
taken at the same time in different locations across the Mid-Atlantic Ridge flank. There
is a positive correlation between Zn and Mn in the TAG DE data, indicating that Zn and
Mn vary in space but occur in an approximately constant proportion. There are no Zn
data from the 9°50'N East Pacific Rise site.
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Figure 7.3. Cu vs. Mn concentrations in diffuse effluent (DE) from the TAG site on the
Mid-Atlantic Ridge (black circles; James and Elderfield, 1996). Seawater (white square)
from Von Damm (1990), black smoker (black triangle) and white smoker (white triangle)
from Edmond et al. (1995) for reference. Inset is a magnified view of the Cu vs. Mn data
for DE near the origin. The TAG site data points represent samples taken at the same
time in different locations across the Mid-Atlantic Ridge flank. There is no correlation
between Cu and Mn in the TAG DE data. There are no Cu data from the 9°50'N East
Pacific Rise site.
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Chapter 8

Temperature of Dolomitization

Fluid Inclusions

Wilson (1989) analyzed 55 fluid inclusions in seven samples of replacement
dolomite in the Latemar. These samples exhibit homogenization temperatures of 72-
220°C, that were interpreted by Wilson (1989), Wilson et al. (1990), and Hardie et al.
(1991) as the temperature of dolomitization. Thermodynamic data for the equilibrium

CaMg(COs), + Mg*" = 2MgCO; + Ca** (8.1)

however, indicate that magnesite forms from disordered dolomite at ~130°C
(SUPCRT92, Johnson et al., 1992) in the presence of a fluid with the Ca/Mg ratio of
Triassic seawater (Hardie, 1996). Thus, at the temperatures of dolomitization indicated
by the fluid inclusions, magnesite rather than dolomite should be stable in the Latemar.
The absence of magnesite from the 131 dolomite samples collected in this study suggests
that measured homogenization temperatures do not represent the temperature of
dolomitization. Furthermore, the temperature of dolomitization more likely was <90°C.

Fluid inclusions may give anomalously high homogenization temperatures in
carbonates if stresses from burial, uplift, deformation, or later heating events, cause
stretching or leakage of the fluid inclusion (Presbindowski and Larese, 1987).
Experiments performed by Prezbindowski and Larese (1987) with calcite have shown
that external increases in pressure and temperature can change the homogenization
temperatures of entire populations of primary fluid inclusions without visible evidence of

alteration. It is not unlikely that similar effects could occur in dolomite. Additionally,
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fluid inclusion arrays with variable sizes of inclusions require that 90% the
homogenization temperatures in the assemblage are within 10-15°C of each other in order
to rule out stretching and leakage (Goldstein, 2001). The fluid inclusions in the Latemar
dolomites do not meet this criterion (Figure 8.1), indicating that leakage or stretching
may have occurred in many of the inclusions that have high homogenization
temperatures. Possible causes include release of overburden during uplift and erosion,
increase in temperature from post-dolomitization igneous activity, and/or effects of

Tertiary alpine deformation (Blendinger, 1985; Doglioni, 1987).

Oxygen Isotopes

In this study, the measured 3'°0 of calcite and dolomite were used to estimate
fluid-rock equilibration temperatures (see Chapter 6). These calculations assume oxygen
isotopic exchange equilibrium between mineral and fluid, and are justified by studies by
Milliken et al. (1981) of calcite and dolomite in the Texas Gulf Coast oil fields, by Kelley
et al. (2005) of aragonite chimneys forming from diffuse effluent in the Lost City
hydrothermal field 15 km from the Mid-Atlantic Ridge, and by numerous studies of
foraminifera tests in deep sea sediments (Emiliani and Edwards, 1953; Savin et al., 1975;
Matthews and Poore, 1980; Miller and Katz, 1987) that all indicate carbonate-fluid 180-
'®0 exchange equilibrium at <100°C. The experimentally determined calcite-water

fractionation (O’Neil et al., 1969),
18 18 10°
Acyno =0 O¢y =070y o =2.78x| —|-2.89 (8.2)

T2

was combined with a dolomite-calcite fractionation (Sheppard and Schwarcz, 1970)
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Figure 8.1. Fluid inclusion homogenization temperatures for Latemar dolomite (from
Wilson, 1989). The range of values in a single sample, such as Sample C, may be almost
as large as the entire data set.
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1
Apgca =0"°0¢, —8"0,, =0.45x (1? J 0.40 (8.3)
to obtain a dolomite-water fractionation,
18 18 106
Apgio =0 0py =870y 5 =3.23x T -3.29 (8.4)

Diffuse effluent, the most likely candidate for a dolomitizing fluid (discussed in Chapter

7), has SISOHZO averaging ~ 0% VSMOW (Elderfield et al., 1999; Kelley et al., 2005).

Equations 8.2 and 8.4 were used to calculate the temperature of equilibration between
fluid and calcite or dolomite, respectively. Results appear in Appendix IV, Table 8.1,
and Figures 6.2-6.5).

Values of Ap,.ca calculated from Equation 8.3 are comparable to those computed

from the vibrational frequencies of calcite and dolomite given in Deines (2004)
18 18 10°
Apoca =0 0, =870, =0.52x| —- = —-0.50 (8.5)

(from Chacko, personal communication). The difference in the fractionation factors
calculated from Equations 8.3 and 8.5 is <0.5°C for T<100°C. Dolomite temperatures
calculated using Equations 8.2 and 8.5 have temperatures only 2-3°C higher than those
calculated using Equation 8.4 (Table 8.1).

Since Equations 8.2-8.4 are based on experimental data for oxygen isotope
exchange at high temperatures, it is useful to compare these fractionation equations with

those calibrated at lower temperatures. The calcite-water oxygen isotope fractionation

Acano =80y —8"0, , =18.03x (lgj 32.42 (8.6)

112



Table 8.1. Temperatures calculated from §'%0 of calcite and dolomite using Equations 8.2-8.9

measured 5120

maximum minimum

calcite 28.88 23.35
dolomite 27.94 21.51
range Equation 8.2  Equation 8.6
calcite T°C 25-52 23-50

Equation 8.4 Equations Equations Equations . . .
range (8.2+8.3) 8.2+85 8.3+8.6 85+ 8.6 Equation 8.7 Equation 8.8  Equation 8.9
dolomite T°C 50 - 86 53 - 89 47 - 82 50 - 85 42 - 83 58 - 98 54 - 103

erT

Notes:

Equation 8.2 O’Neil et al. (1969)

Equation 8.3 Sheppard and Schwarcz (1970)

Equation 8.4 combination of Equations 8.1 and 8.2

Equation 8.5 Deines (2005), Chacko (personal communication)
Equation 8.6 Kim and O’Neil (1997)

Equation 8.7 Vasconcelos et al. (2005)

Equation 8.8 Northrop and Clayton (1966)

Equation 8.9 Schmidt et al. (2005)



from experimental data at temperatures of 10-40°C (Kim and O’Neil,1997) gives
temperatures only ~2°C lower than Equation 8.2 for calcites (Table 8.1).

A dolomite-water fractionation has been calibrated by Vasconcelos et al. (2005)
for dolomite precipitated in microbial cultures and natural environments at temperatures

of 25-45°C:

6
Apgno =80y, 80, , =2.73x (ﬁj +0.26 (8.7)

T2

It gives almost identical results to Equation 8.4 for the highest temperature of
dolomitization although ~ 7°C lower than the lowest dolomitization temperature (Table

8.1). The dolomite-water fractionation of Northrop and Clayton (1966),

6
Apgo =8"0py =80, 4 =3.20x (ﬁj ~1.50 (8.8)

T2

is not generally used because it averages two different fractionation expressions for
different dolomites (Friedman and O’Neil, 1977). Schmidt et al. (2005) have

experimentally determined another dolomite-water fractionation,

6
Ao =80, —8%0,, 4 = 2.63x(£) +3.12 (8.9)

T2

which is based on experiments with disordered, amorphous Ca-Mg carbonates
precipitated from a hypersaline solution at low temperatures (40-80°C). This
fractionation gives temperatures for the highest 81801301 values similar to those calculated
from Equation 8.4, but temperatures up to 17°C higher for the lowest 8'*Op,;. However,
amorphous carbonate is unlike dolomite in the Latemar, and crystallization from
hypersaline fluids does not match the conditions in which replacement dolomite formed

from diffuse effluent.
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Regardless of the expression for calcite-water and dolomite-water fractionation
used, calculated temperatures are all in the range of ~40-100°C. Preferred values of
temperature are those calculated from Equations 8.2 and 8.4. These range from 25 to
52°C in calcite, from 50 to 86°C for tan dolomite, and from 57 to 80 °C for orange
dolomite. Calculated temperatures for dolomite are interpreted as temperatures of
dolomitization. Temperatures for calcite with 5'%0<26 (T>37°C) are interpreted as a
record of elevated temperature caused by flow associated with dolomitization. Oxygen
isotope temperatures <90°C recorded by dolomite are consistent with development of
dolomite but not magnesite from reaction of limestone with diffuse effluent.
Thermodynamic data indicate that disordered dolomite will form from calcite at ~50°C
(SUPCRT92, Johnson et al., 1992) from a fluid with a Ca/Mg ratio of Triassic seawater
(Hardie, 1996) as well as diffuse effluent (James and Elderfield, 1996; Von Damm and
Lilley, 2004). This temperature boundary is seen in the Latemar dolomites and
limestones. However, Equation 7.1 gives a very different temperature barrier (<0°C).

On the outcrop scale, there can be almost as much range in temperature as there is
over the entire buildup (Figures 6.2-6.4). The high variability in temperature on the
outcrop scale indicates that there were multiple fluid flow events at variable temperature
rather than a single, uniform, pervasive fluid flow event. There is no systematic change
in temperature recorded by calcite with elevation (Figure 6.5). There is a weak trend in
decreasing temperature increasing with elevation recorded by dolomite: only dolomite
located >450 m above the Contrin Formation records T<59°C. The average decrease in
dolomite temperature with elevation corresponds to a thermal gradient during

dolomitization of ~ -50°C /km. The high variability in temperature on the outcrop scale,
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combined with the scattered values in temperature as a function of elevation indicates
that the pervasive, uniform fluid flow event described by Wilson (1989), Wilson et al.
(1990), and Hardie et al. (1991) was unlikely on a regional as well as on an outcrop scale.
It is more likely that multiple, spatially restricted fluid pulses at variable temperature
traveled along channels with higher permeability. The chemical heterogeneity in
dolomite (described in Chapter 5) supports the notion of pulses of fluid flow with

variable temperature and fluid chemistry.
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Chapter 9

Time-integrated Fluid Flux: Estimation and Applications

Reaction Mechanism

Replacement dolomite forms by reaction of calcite in limestone with fluid,
provided the fluid has a sufficiently high Mg/Ca, and there is a flow mechanism capable
of delivering Mg to and removing Ca from the site of reaction (Land, 1985). In more
detail, field relationships indicate that dolomitization in the Latemar is due to the
replacement of calcite caused by fluid flow through an interconnected orthogonal lattice
composed of near-horizontal sheets and tubes and near-vertical sheets and tubes. There
are two possible reaction mechanisms: the equilibrium gradient flow mechanism or the
disequilibrium flow mechanism (Ferry and Gerdes, 1998). A gradient flow mechanism is
expected to produce a gradual transition from limestone to dolomite with distance in the
field along the flow path. The sharp interface between unreacted limestone and
completely reacted dolomite in the Latemar (Figures 4.3, 4.4) therefore indicates that the
disequilibrium flow mechanism is the likelier mechanism (Ferry and Gerdes, 1998). The
disequilibrium flow mechanism occurs when an infiltrating fluid is not in chemical
equilibrium with the rock through which it flows. The fluid reacts with the rock until
they are in chemical equilibrium or at steady state, which results in isotopic, chemical,
and mineralogical reaction fronts. Reaction fronts are interfaces perpendicular to the
flow direction where discontinuities in mineralogy, mineral chemistry, and isotopic
compositions develop. Upstream from a reaction front, rocks have compositions that

reflect equilibration with the input fluid, and the downstream samples have compositions
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of the original unaltered rock (Ferry and Gerdes, 1998). In the Latemar, the reaction
front for Mg is visible in the field as the transition from unaltered limestone to dolomite.
There are additional reaction fronts that are not visible, however, and correspond to other
chemical tracers in the fluid. These include the isotopic tracers 87Sr/86Sr, 8180 and 8¢,
as well as trace elements, Fe, Mn, Cu, and Zn, among others. The locations of the
isotope reaction fronts can be predicted if the total amount of fluid that has passed
through the system, or time-integrated fluid flux is known. Fe, Mn, Cu, and Zn fronts

can be predicted in principle, but not in practice.

Amount of fluid as a time-integrated fluid flux: Replacement at constant C and O
Because the amount of dolomite along an inferred flow path (i.e., distance along
the flow path to the Mg reaction front) is a function of the time-integrated fluid flux, or q,
the simplest way to estimate the amount of fluid flow is to measure the spatial extent of
dolomitization in the field. The estimate, in turn, leads to a first-order quantitative
interpretation of other isotopic tracers in Latemar dolomites. Determination of q requires
knowledge of mineral chemistry and the composition of the dolomitizing fluid. As
discussed in Chapter 7, the dolomitizing fluid is most likely analogous to modern diffuse
effluent. Because diffuse effluent is variable in chemistry, it is appropriate to consider
model diffuse effluent chemistries based on a single parameter, such as Mn content.
Three models of diffuse effluent (DE 1-3) were calculated from data from James and
Elderfield (1996) and Von Damm and Lilley (2004), in order of increasing Mn (Figure

9.1). These model compositions are given in Table 9.1.
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Table 9.1a. Compositions of calcite and dolomite used to calculate the time-integrated fluid flux.

calcite tan dolomite orange dolomite

Mn (ppm) 20 200 300

Fe (ppm) 300 4000 14000

Sr (ppm) 200 40 30

Zn (ppm) 1 4 10

Mg (cations per CO,) 0.01 0.47 0.45

Ca (cations per CO,) 0.99 0.52 0.51

Table 9.1b. Compositions of fluids used to calculate the time-integrated fluid flux.

DE1 DE2 DE3 Triassic Seawater

Mg (mol/cm®) 5.15-10” 46110 4.07-10° 1.05.10™
Ca (mol/cm?) 1.12.10° 1.23-10° 1.35.10° 2.98.10°
Fe (mol/cm®) 6.62-10°° 4.56-107 8.46-10°7 1.00-10%
Mn (mol/cm?®) 2.05.10°® 1.03-10” 1.85.10°7 6.00-10"
Sr (mol/cm®) 9.05.10° 8.76.10° 8.47.10° 8.90-10°
Zn (mol/cm?) 2.63.10° 9.43.10°° 1.62:10°® 6.00-10"
CO, (mol/cm®) 5.56-10° 1.19.10° 1.82.10° 2.36:10°

Notes: Diffuse Effluent fluid chemistries DE1-DE3 are calculated from trends in Figure 9.1. Model CO, values calculated against Mg
measurements from Von Damm and Lilley (2004), and normalized against Mn. Triassic Seawater Mg and Ca concentrations from
Hardie (1996); Fe, Mn, Sr, and Zn values from Millero and Sohn (1992); CO, values from VVon Damm and Lilley (2004).



For replacement of calcite by dolomite at constant O and C, the general reaction is:

2Cay(Mg,Fe)1COs + (2x-y)(Mg™" Fe*") ag) = Cay(Mg,Fe)24(CO3)2 + (2x-y)Ca (ag)
9.1)
where other cations in abundance <0.002 cations per mineral formula unit (Mn, Zn, Sr,
etc.) are ignored for simplicity. Taking the limestone-dolomite reaction given by
Reaction 9.1, where x = 0.99, y = 1.05, and Mg/(Mg+Fe) = 1.00 and 0.99 for typical

Latemar calcite and dolomite, respectively,

2Cap99Mgp01CO;3 + 0.92Mg™ (o) + 0.01Fe* (o) = Cay 0sMgo 94Fe0.01(CO3), + 0.93Ca™ )
(9.1a).
To convert 1 cm’ of porous limestone with ~ 3% porosity (the average porosity of
unaltered limestone) into dolomite with the composition Ca; osMgo 94Fe01(CO3), by
Reaction 9.1a, 1.21 x 107 moles of Mg®" are required. There are 2.64 x 10 moles of Ca
in 1 cm’ of the porous limestone; 1.21 x 10~ of these will be replaced by Mg, and 1.32 x
10" will be replaced by Fe. From this, it is possible to calculate how much fluid is
necessary to convert 1 cm® of calcite + porosity into dolomite. This value will depend on
the Mg and Ca contents of the dolomitizing fluid and the fluid that coexists with calcite
and dolomite following the reaction.
Take the dolomitizing fluid as DE 2 (44.9 mmol’kg Mg, 12.0 mmol/kg Ca), for

example, and the Ca/Mg of the fluid following reaction as that calculated for coexisting
with calcite and dolomite at a representative 70°C using Equation 7.1 from Hyeong and

Capuano (2001). With the Ca + Mg of the input fluid and the Ca/Mg ratio of 1.93 in the
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output fluid, 2.61 x 10™ moles Mg/cm® of input fluid are required for the calcite to
dolomite reaction. Because 1.21 x 10 moles of Mg are required to turn 1 cm® of porous
limestone into dolomite, 1 cm of dolomitization along the flow path requires a time-
integrated fluid flux of ~ 26 moles fluid/cm? rock, or ~ 460 cm® fluid/cm® rock.
Assuming that the dolomitization (Mg) front traveled ~ 1 km (from the spatial extent of
dolomite distribution in the Latemar), the molar time-integrated fluid flux g is 2.57 X
10° moles fluid/cm? rock and the volumetric time-integrated fluid flux gy is 4.63 X 107
cm’ fluid/cm? rock (Table 9.2).

Table 9.3 lists values for the volumetric and molar time-integrated fluid fluxes,
Qvol and qmol, for a variety of dolomitization distances, temperatures, and fluid
chemistries, estimated from diffuse effluent chemistries measured by Von Damm and
Lilley (2004) and James and Elderfield (1996) (Figure 9.1; Table 9.1), as well as from
Triassic seawater, calculated using the method in Table 9.2. For diffuse effluents (DE1-
3), values of qyo range from 1.9 x 107 to 1.4 x 10% cm® fluid/cm? rock, and values of qmol
range from 1.1 x 10° to 7.5 x 10° moles fluid/cm” rock. For unaltered Triassic seawater,
values of qyo range from 9.6 x 10°t0 5.0 x 10’ cm® fluid/cm? rock, and values of ol
range from 5.3 x 10° to 2.8 x 10° moles fluid/cm? rock.

Calculations in Tables 9.2 and 9.3 assume constant temperature along the flow
path and do not account for cooling as the fluid moves away from its source. Table 9.4
lists values for q that consider fluid flow along a temperature gradient of -50°C/km,
which is estimated from temperatures recorded by the 8'*0 of dolomite (Figure 6.5). For
diffuse effluents (DE1-DE3), values of gy range from 2.0 x 107 t0 9.2 x 10" cm’

fluid/cm? rock, and values of qmo range from 1.1 x 10° to 5.1 x 10° moles fluid/cm? rock.
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Table 9.2. Calculation of time-integrated fluid flux using diffuse effluent (DE2) at 70°C,
(ppE2=1.0265 g/cm3) as a dolomitizing fluid.

input fluid: ~ m o 44.91 mmol/kg = 4.61x10”° mol/cm’

M

m_ . = 12.01 mmol/kg=1.23 x 10° mol/cm’?

my otme =5.84%x10” mol/cm’

a_ .. 21-T(°
output fluid: log—=—=-0.22+ 721-TCC) (Hyeong and Capuano, 2001)
Ay 1000
T="70°C
G =193
m .

combining input and output fluids:

m._ .. +1.93m_ .. = 5.84x10° mol/cm’
Mg™" ,output Mg™" ,output
m._ .. =2.00x10°mol/cm®
Mg ,output
Am_ .. =m_ .. -m_ .. =2.61x10°mol/cm’
Mg Mg ,input Mg ,output

limestone to dolomite reaction using DE2:

) .
1.21x10"mol Mg required — 463 cm’ DE?

2.61x10 mol Mg/cm® used in reaction

= amount of fluid required to convert 1 cm’ calcite with
~3% porosity into dolomite

time-integrated fluid flux based on 1 km dolomite along flow path:
_ (463 cm’ DE2)(10° cm) _4.6x 10" cm’ DE2

v cm’ rock cm” rock
7 3 2
Qo= vt _ 4.63x10 cn: DE2/cm rock — 2.6x10°mol DE2/ em’rock
V e 18 cm” DE2/mol
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Table 9.3. Calculated time-integrated fluid flux of dolomitization, using three diffuse
effluent chemistries (DE1-DE3) and Triassic seawater at a range of T = 50-150°C.

Diffuse Effluent Triassic SW
distance of DE] DE? DE3
dolomitization T°C  input Ca®*
along the flow ’”p”l y 4 51510° 4.61-10° 4.07-10°  1.05-10*
path (km) ey

’”%l/cnfg 1.12:10°  1.23-10° 1.3510°  2.98107

Qvol 1.9-10" 22107  2.5-107 9.6-10°

0.7 150 ] ] ] s
Qmol 1.1-10 1.2:10 1.4-10 5.3-10

Qvol 25107 2.8107  33-107 1.2:107

0.7 90 e e i s
ol 1.4-10 1.6:10 1.8:10 6.9-10

Qvol 26107 3.0-100  3.5:107 1.3-107

0.7 80 ] ] ] s
Qmol 1.5-10 1.7-10 2.0-10 7.4-10

0.7 0 Qvol 28107 32107  3.8-107 1.4-107
. 6 6 6 5
Qmol 1.6:10 1.8-10 2.1-10 8.0-10

07 50 Qvol 34100 39107  4.7-10 1.8-107
. 6 6 6 5
ol 1.9-10 2.2-10 2.6:10 9.8-10

Qvol 2.810"  3.1-107 35107 1.4-107

1 150 e e i s
ol 1.5-10 1.7-10 2.0-10 7.6:10

1 90 Qvol 3.5107  4.0-10°0  4.7-107 1.8:107
Qmol 1.9-10°  2210° 2.6-10° 9.9-10°

i %0 Qvol 3.7-100 43107 5.0-10 1.9-107
Qmol 2.1-10° 24-10° 2.810° 1.1-10°

{ 0 Qvol 40100 4.6-100 55107 2.1-107
Qmol 2.2:10°  2.6-10°  3.0-10° 1.1-10°

! 50 Qvol 4810  5.610°  6.7-107 2.5-107
Qimol 2.7-106  3.1-10°  3.7-10° 1.4-10°

Qvol 5.510" 62107  7.1-10’ 2.7-107

2 150 ] p ] ]
Qmol 3.1-10 3.4-10 3.9-10 1.5-10

5 90 Qvol 7.0-10°  8.0-107  9.3-10’ 3.5-107
Qmol 3.9-10° 4.4-10° 5210 2.0-10°

Qvol 75107  8.6-107  1.0-10° 3.8-107

2 80 6 6 6 6
Qmol 4.2:10 4.8-10 5.6:10 2.1-10

Qvol 8.0-107 9310" 1.1-10% 4.1-107

2 70 . 6 . 6 . 6 . 6
ol 4.5-10 5.1-10 6.1-10 2.3-10

Qvol 9.6:10 1.1-10® 13108 5.0-107

2 50 6 6 6 6
Qmol 5.3-10 6.2-10 7.5-10 2.8-10

Notes: qmol has units of moles fluid/cm” rock, qvor has units of cm’ fluid/cm” rock. Values
in box are those from the sample calculation in Table 9.2.
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Table 9.4. Calculated time-integrated fluid flux of dolomitization, using Triassic
seawater and three diffuse effluent chemistries based on variable Fe content as a
dolomitizing fluid, at variable input temperatures and a temperature gradient of -50°C/km
along the flow path.

Diffuse Effluent Triassic
distance of DEI DE? DE3 SW
dolomitization ToC input ot B B . Y
along the flow 3 5.15:10° 4.61-10° 4.07-10° 1.05-10

path (km) ' mol/cm .
’”ZZ/]C‘Z% 1.12:10°  1.23:10° 1.35-10° 2.98:10°
0.7 100 ol 26:100  3.0-100 35100 1310
ol 1410°  1.6:10° 1.910° 7.3-10°
0.7 150 ol 2.010°  2310°  2610°  1.0-10
Qmol 1.1-10°  13-10° 1510  5.610°
. 100 ol 39100 45107 53107 2.0-107
ol 22:10°  2510°  3.0.10°  1.1-10°
1 150 Qo 3.0-100 34100 39107 1510
ol 1.7.10°  1.9-10° 22-10° 8.3:10°
5 150 ol 6.9-10"  7.9-100 9.2:10°  3.510
ol 3.810°  4.410° 5.110° 1.910°

Notes: gmol has units of moles fluid/cm” rock, gvor has units of cm® fluid/cm” rock.
Calculations for 2 km of dolomitization and an input T= 100°C are not considered
because it requires dolomitization at T<50°C, which is not observed.
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For Triassic seawater, values of qyo range from 1.0 X 107 t0 3.5 x 10” cm’ fluid/cm? rock,

and values of qumel range from 5.6 x 10° to 1.9 x 10° moles fluid/cm? rock.

Amount of fluid as a time-integrated fluid flux: Replacement at constant volume
Reaction 9.1 is for replacement of calcite by dolomite at constant O and C,
creating porosity of ~ 13% in the dolomite. Many Latemar dolomites, however, have
porosities as low as 3%, indicating that replacement at constant O and C did not occur.
As the typical limestone porosity is 3%, it is likely that some dolomites may have formed
by replacement at constant volume, where the reaction is:
2Ca\(Mg,Fe),CO;s + (x-y)(Mg™",Fe’) oq + (2-2)CO5™
= Cay(Mg.Fe)(COs)2 + (2x-y)Ca” g 9:2)

with z=(1-¢) (Vp,, / Ve ) » Where ¢ = porosity of the original limestone, V,,, and V., are

the molar volumes of dolomite and calcite, and other cations in abundance <0.002 cations
per mineral formula unit (Mn, Zn, Sr, etc.) are ignored for simplicity. Taking, as before,
¢ =0.03, x=0.99, y=1.05, and Mg/(Mg+Fe) = 1.00 and 0.99 for typical Latemar
calcite and dolomite, respectively,
1.69Cag.99Mgo01CO3 + 0.92Mg* (oq) + 0.01Fe* (o) + 0.31CO5™ (o)

= Cay 0sMgo.04Fe.01(CO3), + 0.62Ca> ) (9.2a)
In order to convert 1 cm’ limestone with 3% porosity to 1 cm’ dolomite by Reaction 9.2a,
1.43 x 107 moles of Mg”*" are required. Methods to compute the time-integrated fluid
flux then follow those in Table 9.2. Because the only difference in the calculations is the

amount of Mg required, calculated time-integrated flux is simply larger by a factor of
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1.43x107* moles Mg**

1.18 (because - >
1.21x10™" moles Mg~

=1.18) for a constant volume reaction compared to

those listed in Tables 9.3 and 9.4 for replacement at constant C and O. Specifically, for
diffuse effluents (DE1-DE3), values of qyo range from 2.4 x 10" to 1.8 x 10® cm’
fluid/cm” rock, and values of g range from 1.3 % 10° to 6.1 x 10° moles fluid/cm? rock.
For Triassic seawater, values of qyo range from 1.2 x 107 to 4.2 x 10" cm® fluid/cm? rock,
and values of qmo range from 6.7 x 10° to 2.6 x 10° moles fluid/cm?® rock. These values
of q (calculated for both constant temperature as well as a temperature gradient of

~ -50°C/km) almost completely overlap the values given in Tables 9.3 and 9.4. Thus
calculated time-integrated fluid fluxes are not critically dependent on whether the
reaction was constant volume, constant C and O, or something in between.

Because dolomitization by Reaction 9.2a requires the addition of 4.8 x 10 moles
of C per cm’ rock, the dolomitizing fluid must contain enough C. To form 1 km of
dolomite at constant volume, gy, must contain at least 480 moles of C. Triassic seawater
has ~ 40-60 moles of C for qyo = 1.8 X 107-2.4 x 107 cm?® fluid/cm® rock, DE1 has 200-
270 moles C for qyo; = 3.5 % 107-4.8 x 107 cm® fluid/cm? rock, DE2 has 420-570 moles
C for qyor = 3.5 x 10" - 4.8 x 10’ cm’ fluid/cm? rock, and DE3 has 650-870 moles C for
Qvol = 4.6 X 107- 6.5 x 107 cm? fluid/cm? rock (qvor calculated for 1 km of dolomite with
an input T=150°C and a temperature gradient of -50°C/km, and with a constant T=70°C,
respectively). Triassic seawater does not contain nearly enough C to form dolomite at
constant volume. The C content of DEI is not quite high enough to account for constant
volume dolomitization, although DE2 has barely enough C, and DE3 potentially has
sufficient C to form dolomite by Equation 9.2 (depending on how much C in the fluid is

available for Reaction 9.2a). It is possible that dolomite with low porosity formed
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through a constant volume reaction, provided the dolomitizing fluid was like DE3. This
is consistent with the lower porosity of Fe-rich orange dolomite compared to Fe-poor tan
dolomite. Dolomite with high porosity, on the other hand, must have formed through
replacement with constant O and C.

Latemar dolomites have porosities of 3-16% (Table 5.1). It is likely that
dolomites with ~16% porosity replaced limestone with 3% porosity at constant moles of
C and O, which increased the original porosity by 13%. Dolomites with porosities ~3%
likely replaced the precursor calcite at constant volume. Most dolomites have
intermediate porosities, however, indicating replacement by some mechanism
intermediate between Reactions 9.1a and 9.2a. The presence of stylolites in the dolomite
and limestone samples indicates that compaction has occurred, and it cannot be
discounted that compaction in the rock combined with replacement at constant moles C

and O may alternatively account for some of the intermediate dolomite porosities.

Isotope Reaction Fronts

With the values of q constrained, the location of isotopic reaction fronts can be
calculated relative to the position of the dolomitization front following Dipple and Ferry
(1992) and Ferry and Gerdes (1998). For a given q, the displacement of any isotope
reaction front relative to the dolomitizing front depends on the concentrations of the
relevant tracer species in the dolomitizing fluid, calcite, and dolomite (Table 9.5).

Figure 9.2 represents fluid flow and mineral-fluid reaction in the Latemar with a
simple one-dimensional model for replacement at constant O and C, where the dolomite

reaction front is 1 km from the fluid source (summary of results in Tables 9.2, 9.4, and
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Table 9.5. Location of isotope reaction fronts calculated following Dipple and Ferry
(1992) using DE2 diffuse effluent chemistry at 70°C along an isothermal flow path for 1
km of dolomitization.

830 (calculated for calcite limestone):
moles Oin CaCO, 3

\A =
< molar volume CaCO,  36.934 cm’

N,y =1 mol O/mol DE2 (assumes pure H,0)

=0.081 mol O/cm’ rock

Q= 2.6 x10°mol fluid / cm® rock

n
Azy = ImRODE2 _ 35 107¢m =320 km

O, calcite

stc (calculated for dolomite):
les C in CaMg(CO
Ve goromite. = moles C in CaMg(CO,), _ 2 ~=0.0311 mol C/cm” rock
’ molar volume CaMg(CO,), 64.365cm
~ 1.19x107° mol C/cm® DE2
5.55x10mol DE2/cm’ DE2

Qo= 2.6 x10°mol fluid / cm* rock

=2.14%x10"*mol C/mol DE2

N gy

n
Az =dmalleper _ g 6, 10%cm =180 m

C,calcite

YSr/*%Sr (calculated for calcite limestone):
V. =1.87x10°mol Sr/cm’ rock

Sr,calcite
-8 3
g g = 8.76 x10™° mol Sr/cm” DE2 —158x10~mol St/mol DE2

5.55x10?mol DE2/cm® DE2
Q0= 2.6 x10°mol fluid / cm® rock

n
Az, =dmollseDm2 _ 5 55 10%cm = 22 km

Sr,calcite
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Figure 9.2. Simple model of the distance of each isotope reaction front from the fluid
source (distance = 0) in relation to the dolomite front at 1 km. Distance coordinate
parallel to direction of fluid flow. Distances calculated based on e = 2.6x10° mol
fluid/cm’” rock and T=70°C with no temperature gradient. Results for other values of q
and T, with and without a temperature gradient and 3% porosity in limestone, are similar.
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9.5). The calculated locations of the isotope reaction fronts for diffuse effluent (DE2)
occur over a distance range of >3 orders of magnitude. The predicted 8'°C reaction front
is located >800 m behind the dolomite front, while the 8'%0 and *’Sr/*°Sr reaction fronts
are 320 to 22 km further from the fluid source than the dolomite front, respectively.
Results do not significantly differ whether q is based on constant volume replacement, or
whether limestone of 0 or 3% porosity is considered, and are nearly the same regardless
of which values of q in Tables 9.3 or 9.4 are used. In more detail, if the dolomite front
occurs at any location # 1 km from the inlet, isotope fronts adopt the same relative
positions as those calculated in Table 9.5 and illustrated in Figure 9.2. The §'*0 and
¥7Sr/*Sr of dolomite therefore record equilibration with the input fluid while the 8"°C of
dolomite is inherited (with few exceptions, discussed below) from the limestone
protolith. Figure 9.2 justifies interpreting 3'°O of dolomite in terms of temperature of
formation from a dolomitizing fluid and ¥’Sr/**Sr in terms of the Sr-isotope composition
of the dolomitizing fluid.

In a field area the size of the Latemar (less than 3 km in diameter), it would be
unlikely that any of the reaction fronts except the dolomite reaction front would be
exposed. However, reaction sides are exposed (Yardley and Lloyd, 1995), and can be
seen in Figures 4.5-4.14.

Although the 8'"°C reaction front is located <200 m from the fluid input for a time-
integrated fluid flux of qme = 2.6 x 10® mol fluid/cm” rock (calculated for DE2), there is
evidence that a carbon isotope reaction front passed through some rocks in Location 7
(Figure 6.4). Several samples of orange dolomite in the middle of a fractured, Fe-rich

dolomitized channel have elevated 8'°C compared to the other dolomite and calcite
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samples in the outcrop. The 8'°C of these orange dolomite samples is the same as the
underlying Contrin Formation, suggesting sufficient fluid passed that the §"°C of the
Contrin Formation was advected upward at least to the elevation of Location 7. In order
for the 8'°C of the Contrin to overprint the pre-existing 8'"°C of the limestone in Location
7, 555 m above the Contrin Formation, gmo in the channel must have been 3.2 x 107 mol
fluid/cm® rock (for dolomitizing fluid DE1), 1.5 x 10" mol fluid/cm? rock (for
dolomitizing fluid DE2), or 9.7 x 10° mol fluid/cm? rock (for dolomitizing fluid DE3).
These values of qmo require that locally 3-14 times more fluid passed through the rocks
with altered 8'"°C than passed through rocks that retained the original §'°C of the

limestone protolith.

Trace Element Requirements of Dolomitization

Trace elements in dolomite, such as Mn, Zn, and Fe, can be used in conjunction
with calculated g, to confirm a source of dolomitizing like modern diffuse effluent as
opposed to Triassic seawater (Table 9.6). These trace elements had to be present in the
dolomitizing fluid at high enough concentrations to form dolomite enriched in Mn, Fe,
and Zn. In general, there is sufficient Mn, Fe, and Zn in DE1-DE3 for qyo = 2.5-3.4 X 10°
cm’ fluid/cm? rock (exceptions discussed below). On the other hand, these trace
elements are present at such low concentrations in Triassic seawater that there is no
possibility that Triassic seawater could have formed the Latemar dolomite. For the
values of gy given in Table 9.8, DE1-DE3 have more than enough Zn to account for the
Zn enrichment in both orange and tan dolomite. DE2 and DE3 have enough Mn to

account for Mn enrichment in both orange and tan dolomite. The concentration of Mn in
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DET1 is just under the requirement for tan dolomite and does not contain enough Mn to
form orange dolomite. DE3 contains enough Fe to account for the Fe enrichment in tan
dolomite, but not for orange dolomite. DE1 and DE2 do not contain enough Fe to form
orange dolomite, and are just under the required concentrations to form tan dolomite.
However, increasing qyo by a factor of 2 to 5 will provide enough Fe to account for the
Fe enrichment in orange dolomite. Because some of the orange, Fe-rich dolomite is
present in channels that have experienced a higher fluid flux (their 8'"°C has been
overprinted by the 8'"°C of the Contrin Formation), this localized higher fluid flux is
expected. In samples of orange dolomite with a "°C that still reflects the §"°C of the
limestone protolith, the upper bound on the local time-integrated fluid flux is that the flux
had to be high enough to account for the Fe enrichment, but low enough to retain the §'°C
of the limestone protolith. Additionally, the samples in Location 7 with high Fe and a
8'°C that has been overprinted by the 8'3C of the Contrin Formation have low porosity (~
3%), indicating that dolomite formed via constant volume replacement (Reaction 9.2)
rather than replacement at constant moles of C and O (Reaction 9.1). Because constant
volume replacement requires locally elevated time-integrated fluid fluxes, the low
porosity of orange dolomite is further evidence that these rocks did experience elevated
flow of dolomitizing fluid needed to account for their high Fe contents. It is also
possible, however, that the equivalent to diffuse effluent produced by reaction of
seawater with the Predazzo volcanic intrusive complex contained more Fe than diffuse
effluent in modern mid-ocean ridge environments, and that no increase in fluid flux is

necessary to account for the Fe enrichment in the Latemar dolomite samples.
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Table 9.6. Budget of trace elements.

moles needed to convert 1 cm? x 1 km of calcite into dolomite:

tan dolomite

orange dolomite

Mn (mol/km) 0.9 1.5
Fe (mol/km) 19 65
Zn (mol/km) 0.013 0.039
Diffuse Effluent Chemistry
Triassic
SW 1 2 3

at 70°C, no temperature gradient

Qvol (cm’ fluid/cm? rock) 2.06:10"  4.0-10
moles Mn contained in qyol 2.11-10° 0.8
moles Fe contained in qyo; 2.11-10° 3
moles Zn contained in qyol 2.11-10™ 0.11

46100 5.510’

4.1 7.4
18 34
0.38 0.65

at a temperature gradient of 50°C/km, with an input fluid at T=150°C

Qvot (cm® fluid/cm? rock) 1.5:10 3.0-107 34107 3.9-10’
moles Mn contained in qyol 1.54-107 0.6 3.1 5.5
moles Fe contained in gy, 1.54-10° 2 14 25
moles Zn contained in gy, 1.54-10™ 0.08 0.28 0.49
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Chapter 10

Mechanism and Duration of Reactive Flow

Wilson (1989), Wilson et al. (1990), and Hardie et al. (1991) concluded that
dolomitization of the Latemar was caused by slow, pervasive, uniform fluid flow that
resulted in smooth gradients in temperature in both vertical and horizontal dimensions at
the 100 m to km scale. As discussed in Chapter 8, the high variability in estimated
temperature at the outcrop scale, combined with the lack of a well-defined systematic
trend in temperature with elevation, indicates that this is not the case. It is more likely
that dolomitization resulted from spatially restricted, discrete fluid pulses at variable
temperature traveling within regions of higher permeability. This is documented at
Location 7, where sheet-like bedding-parallel dolomite bodies preferentially developed
up-dip from two near-vertical fracture-controlled sheet-like bodies of orange dolomite
(Figure 4.5). These orange dolomite bodies record oxygen isotope temperatures that are
higher than the surrounding tan dolomite (Figure 10.1), and are interpreted as near-
vertical, approximately planar flow channels with high flux of hot fluid. The
development and preservation of the temperature anomalies preserved by these flow
channels indicates that the fluid flux was relatively large and the duration of fluid flow
was relatively short.

Using heat transport theory (Brady, 1988), it is possible to estimate the total
duration of flow (t) and local volumetric fluid flux (Jrv) that is required to produce and

preserve the two temperature anomalies recorded in Location 7. Consider vertical flow
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with average Darcy flux Jp, in vertical channels corresponding to what is now orange
dolomite in outcrop at Location 7. Spatial coordinates are x (horizontal measured
perpendicular to the flow channel) with 0 at the channel margin and vertical measured
parallel to fluid flow. The observed temperature profiles first were fit to

T(x) = T(®) + ATe™ (10.1)
where T(x) is temperature at distance x from the channel, T() is the far-field
temperature, AT = T(0)-T, and a is an empirical fit parameter. Symbols for variables
used in Equation 10.1 and the following analysis are listed and defined in Table 10.1.
Numerical values of the variables used in calculations are listed in Table 10.2. Values of
the a parameter were computed from T recorded by tan dolomite samples closest to the
inferred flow channel (orange dolomite).

The time-integrated conductive heat flux out of the channel and into the

surrounding rock, AQ, is

AQ :crprJ-T’(x)dx:crprIATe_a"dx :crpr% (10.2)
0 0

where T'(x)=T(x)- T(0). From Equation (11) of Brady (1988), the duration of flow in

the channel is

2
tz[ﬂj ® (103)
ak, ) =

where c;, pr, K;, and « are the specific heat, density, thermal conductivity, and thermal

diffusivity of the rock. For east and west profiles, t = 0.08 years and 0.18 years,

equivalent to 28 and 65 days, respectively (Table 10.2).

138



Table 10.1. Symbols in Equations 10.1-10.4.

pr; pf
T(0)

T(e0)

AT

Cl‘a Cf

0T/0z

Kr

AQ
qu

JTV
qvol

g/em’
°C

°C
°C

1/cm

J/gK
cm
°K/cm
cm?/s
J/emKs
Jem?

3 o 2
cm” fluid/cm” rock

S
cm/s
cm’ fluid/cm® rock

density (r, rock; f, fluid)

temperature within channel

far-field temperature (average recorded by
unaltered calcite)

difference in temperature between channel and far-
field

empirical fit parameter in equation for temperature
profile

specific heat (r, rock; f, fluid)

channel half width

temperature gradient along vertical flow path
thermal diffusivity of rock

thermal conductivity of rock

time-integrated conductive heat flux out of channel
time-integrated fluid flux to produce temperature
anomaly

duration of flow in channel

average Darcy flux in vertical flow channel
time-integrated fluid flux of dolomitization
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Table 10.2. Input values and calculated results from Equations 10.1-10.4.

east profile ~ west profile source
T(0) 78 72 Figure 10.2
T(0) 38 38 Figure 10.2
AT 40 34
a 0.68 0.45 fit to data, Figure 10.2
cipr 4.04 4.04 Brady (1988)
Cr 0.815 0.815 Holland and Powell (1998)
Or 2.71 2.71 Holland and Powell (1998)
W 53 15 Figure 10.2
oT/oz -5-10™ -5-10™ Figure 6.5
K 1.13-102 1.13-10° K./cep;
K, 2.5:107 2.5:107 Brady (1988)
AQ 1.28:10" 1.66:10" Equation 10.2
qrv 1.21-10° 5.34-10° Jrg -t
t (seconds) 2.43-10° 5.61-10° Equation 10.3
t (years) 0.08 0.18 Equation 10.3
Ity 5107 1-10" Equation 10.4
Qo 4.63-10 4.63-10 Table 9.3
# pulses 384 87 Qvol/q1y
total duration of 30 15 - # pulses

flow (years)

140



Using Equation (10) of Brady (1988), the average Darcy flux (J1y) in the flow

channel is

A
i = Q T (10.4)
thfpf(— azj

where W is the half-width of the flow channel, crand pr are the specific heat and density

of the fluid, and (0T/0z) is the geothermal gradient. For east and west profiles, Jr, = 0.05
and 0.10 cm/s, respectively. The values calculated for Jr, are similar to a direct
measurement of diffuse effluent flux on the seafloor of 0.02 cm/s (Mottl et al., 1998).
The time-integrated fluid flux associated with the temperature anomalies (qry = J1yt) are
1.21-10° em® fluid/cm? rock (east profile) and 5.34-10° cm® fluid/cm? rock (west profile)
(Table 10.2).

Because t and qry represent the duration of flow and time-integrated fluid flux to
produce the temperature anomalies in Figure 10.1, it is possible to constrain the total
duration of flow and the number of fluid pulses required to form the Latemar dolomite in
its entirety. Dividing qyo (from Table 9.3 or 9.4), the time-integrated fluid flux for
dolomitization, by qry gives the number of pulses of flow (of size qry) that are required.
Approximately 380 pulses of fluid, the size of that to produce the east temperature profile
in Figure 10.1 were required for dolomitization of the Latemar, and ~90 pulses of fluid
the size of that to produce the west temperature profile would be required. Because flow
was unusually high in the channels (evidenced by high Fe, low porosity, altered 8'°C),
these are minimum values. Overall, thousands of pulses may be expected. Multiplying
the number of pulses by the duration of each pulse gives the total duration of active

dolomitization: 30 years using the east channel temperature profile, and 15 years using
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the west channel profile. For the same reason, these are minimum values, but duration of
flow and reaction nevertheless must have been short, probably no more than hundreds or
thousands of years. Although the total duration of flow is very short for both profiles,
especially in the context of geologic time, it is likely that flow was not continuous, and
the pulses of flow were spread out over a much longer time period. This is expected for a
geologic setting in which fluid like diffuse effluent is venting. Using the diffuse effluent
flux (0.02 cm/s) measured by Mottl et al. (1998) gives a total duration of flow of only
two years.

Although the estimates of the number of fluid pulses required for dolomitization
of the Latemar is dependent on the temperature profile and width of flow channel used,
pulsed flow is clearly the mechanism of dolomitization. There is as much variation in
8'0 across a single outcrop as there is across the entire buildup (Figures 6.3 and 6.4),
which in itself is indicative of pulses of flow at variable temperature rather than a single,
pervasive fluid flow event. Furthermore, the highly variable flow of hydrothermal vent
systems in both space and time is well-known (Von Damm, 1995; Von Damm, 2004),
and this temporal variability is also seen in diffuse effluent (Von Damm and Lilley,

2004), the most likely candidate for the dolomitizing fluid.
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Appendix I. Sample Locations

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 1 L-1A LS 1696971.87 5138061.87 11°33'37.57 46°22'02.38 2530.93 552.27
Location 1 L-1B DOL  1696986.47 5138065.82 11°33'38.26 46°22'02.49 2529.18 550.52
Location 1 L-1C DOL  1696989.44 5138072.44 11°33'38.41 46°22'02.70 2532.12 553.46
Location 1 L-1D DOL  1697005.80 5138073.41 11°33'39.17 46°22'02.71 2528.04 549.38
Location 1 L-1E LS 1697007.24 5138074.02 11°33'39.24 46°22'02.73 2527.44 548.78
Location 1 L-1F LS 1697011.98 5138073.30 11°33'39.46 46°22'02.70 2525.80 547.14
Location 1 L-1G LS 1696957.20 5138061.16 11°33'36.88 46°22'02.37 2532.44 553.78
Location 1 L-1H LS 1696979.37 5138067.00 11°33'37.93 46°22'02.53 2530.36 551.70
Location 1 L-11 DOL  1696983.47 5138070.13 11°33'38.12 46°22'02.63 2531.67 553.01
Location 1 L-1J DOL  1696995.86 5138071.12 11°33'38.70 46°22'02.65 2530.02 551.36
Location 1 L-1K DOL  1696999.92 5138070.84 11°33'38.89 46°22'02.64 2528.68 550.02
Location 1 L-1L DOL  1697019.73 5138079.69 11°33'39.83 46°22'02.90 2528.32 549.66
Location 2 L-2A DOL  1697548.32 5138749.18 11°34'05.56 46°22'24.02 2411.74 433.08
Location 2 L-2B LS 1697546.51 5138750.48 11°34'05.48 46°22'24.06 2411.88 433.22
Location 2 L-2C LS 1697543.34 5138749.46 11°34'05.33 46°22'24.03 2412.86 434.20
Location 2 L-2D LS 1697521.22 5138751.82 11°34'04.30 46°22'24.13 2417.04 438.38
Location 2 L-2E LS 1697532.71 5138728.60 11°34'04.80 46°22'23.37 2419.97 441.31
Location 2 L-2F DOL  1697506.80 5138747.17 11°34'03.62 46°22'23.99 2424.16 445.50
Location 4 L-4A LS 1697943.63 5139292.47 11°34'24.88 46°22'41.18 2585.00 606.34
Location 4 L-4B LS 1697943.63 5139292.47 11°34'24.88 46°22'41.18 2585.00 606.34
Location 4 L-4C LS 1697943.63 5139292.47 11°34'24.88 46°22'41.18 2585.00 606.34
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 4 L-4D LS 1697943.63 5139292.47 11°34'24.88 46°22'41.18 2585.00 606.34
Location 5 L-5A LS 1697438.98 5138692.40 11°34'00.36 46°22'22.29 2445.89 467.23
Location 5 L-5B LS 1697441.32 5138690.88 11°34'00.47 46°22'22.24 2445.07 466.41
Location 5 L-5C LS 1697445.57 5138691.15 11°34'00.67 46°22'22.25 2444.63 465.97
Location 5 L-5D DOL  1697446.39 5138692.66 11°34'00.71 46°22'22.29 244491 466.25
Location 5 L-5E DOL  1697447.98 5138691.88 11°34'00.78 46°22'22.27 2444.61 465.95
Location 5 L-5F DOL  1697450.94 5138693.16 11°34'00.93 46°22'22.31 2444.33 465.67
Location 6 L-6A DOL  1697193.10 5138680.14 11°33'48.85 46°22'22.15 2470.62 491.96
Location 6 L-6B DOL  1697180.63 5138675.75 11°33'48.26 46°22'22.03 2471.64 492.98
Location 6 L-6C DOL  1697170.10 5138670.21 11°33'47.76 46°22'21.86 2474.29 495.63
Location 6 L-6D DOL  1697173.32 5138685.83 11°33'47.93 46°22'22.36 2474.19 495.53
Location 7 L-7A LS 1697156.42 5137744.43 11°33'45.72 46°21'51.91 2535.47 556.81
Location 7 L-7B LS 1697162.77 5137739.13 11°33'46.00 46°21'51.73 2533.32 554.66
Location 7 L-7C DOL  1697164.40 5137739.73 11°33'46.08 46°21'51.75 2534.07 555.41
Location 7 L-7D LS 1697171.20 5137738.28 11°33'46.40 46°21'51.69 2533.66 555.00
Location 7 L-7E DOL 1697174.54 5137738.79 11°33'46.55 46°21'51.71 2534.16 555.50
Location 7 L-7F DOL  1697179.92 5137738.14 11°33'46.81 46°21'51.68 2533.48 554.82
Location 7 L-7G DOL 1697178.86 5137738.44 11°33'46.76 46°21'51.69 2534.23 555.57
Location 7 L-7H DOL 1697178.11 5137736.84 11°33'46.72 46°21'51.64 2532.67 554.01
Location 7 L-71 DOL 1697182.26 5137736.70 11°33'46.91 46°21'51.63 2533.34 554.68
Location 7 L-7J LS 1697181.96 5137733.06 11°33'46.89 46°21'51.51 2530.44 551.78
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 7 L-7K LS 1697191.29 5137729.37 11°33'47.32 46°21'51.38 2528.77 550.11
Location 7 L-7L DOL  1697195.86 5137729.98 11°33'47.54 46°21'51.40 2529.61 550.95
Location 7 L-7M LS 1697199.96 5137729.90 11°33'47.73 46°21'51.39 2528.64 549.98
Location 7 L-7N LS 1697164.35 5137742.32 11°33'46.08 46°21'51.83 2536.86 558.20
Location 7 L-70 LS 1697160.27 5137742.67 11°33'45.89 46°21'51.85 2537.07 558.41
Location 7 L-7P LS 1697156.56 5137744.19 11°33'45.72 46°21'51.90 2535.56 556.90
Location 7 7T-1 DOL 1697184.14 5137737.39 11°33'47.00 46°21'51.65 2534.36 555.70
Location 7 7T-2 DOL  1697183.51 5137737.47 11°33'46.97 46°21'51.65 2534.32 555.66
Location 7 7T-3 DOL  1697182.37 5137737.53 11°33'46.92 46°21'51.66 2533.99 555.33
Location 7 T-4 DOL  1697181.58 5137737.72 11°33'46.88 46°21'51.66 2533.84 555.18
Location 7 7T-5 DOL  1697180.72 5137737.98 11°33'46.84 46°21'51.67 2533.54 554.88
Location 7 7T-6 DOL  1697180.67 5137738.38 11°33'46.84 46°21'51.69 2533.85 555.19
Location 7 7T-7 DOL  1697180.26 5137737.91 11°33'46.82 46°21'51.67 2533.35 554.69
Location 7 7T-8 DOL  1697179.33 5137737.98 11°33'46.78 46°21'51.67 2534.13 555.47
Location 7 7T-9 DOL  1697178.67 5137738.74 11°33'46.75 46°21'51.70 2534.36 555.70
Location 7 7T-10 DOL  1697177.90 5137739.65 11°33'46.71 46°21'51.73 2534.90 556.24
Location 7 7T-11 DOL 1697176.62 5137739.70 11°33'46.65 46°21'51.73 2534.98 556.32
Location 7 7T-12 DOL 1697176.34 5137739.98 11°33'46.64 46°21'51.74 2535.08 556.42
Location 7 7T-13 DOL  1697176.15 5137740.01 11°33'46.63 46°21'51.74 2535.05 556.39
Location 7 7T-14 DOL  1697175.42 5137739.45 11°33'46.60 46°21'51.73 2534.78 556.12
Location 7 7T-15 DOL 1697174.34 5137739.23 11°33'46.55 46°21'51.72 2534.49 555.83
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 7 7T-16 DOL  1697173.68 5137739.81 11°33'46.52 46°21'51.74 2535.00 556.34
Location 7 7T-17 LS 1697172.03 5137739.80 11°33'46.44 46°21'51.74 2534.95 556.29
Location 8 L-8A LS 1697451.67 5138679.49 11°34'00.94 46°22'21.86 2440.43 461.77
Location 8 L-8B LS 1697451.43 5138680.04 11°34'00.93 46°22'21.88 2441.19 462.53
Location 8 L-8C DOL  1697452.85 5138680.63 11°34'01.00 46°22'21.90 2441.54 462.88
Location 8 L-8D DOL  1697452.83 5138680.92 11°34'00.99 46°22'21.91 2442.02 463.36
Location 8 L-8E LS 1697453.21 5138682.32 11°34'01.01 46°22'21.95 2442.27 463.61
Location 8 L-8F LS 1697452.11 5138687.29 11°34'00.97 46°22'22.11 2443.17 464.51
Location 8 L-8G DOL  1697444.34 5138683.55 11°34'00.60 46°22'22.00 2442.23 463.57
Location 8 L-8H LS 1697442.44 5138684.72 11°34'00.51 46°22'22.04 2441.72 463.06
Location 8 L-8l LS 1697435.94 5138686.33 11°34'00.21 46°22'22.10 244257 463.91
Location 8 L-8J LS 1697460.24 5138682.04 11°34'01.34 46°22'21.94 2440.66 462.00
Location 8 L-8K DOL  1697447.43 5138680.99 11°34'00.74 46°22'21.92 2441.83 463.17
Location 8 L-8L LS 1697432.41 5138686.53 11°34'00.05 46°22'22.11 2441.61 462.95
Location 8 L-8M LS 1697464.17 5138685.13 11°34'01.53 46°22'22.03 2440.14 461.48
Location 8 L-8N LS 1697438.87 5138685.87 11°34'00.35 46°22'22.08 2442.27 463.61
Location 8 L-80 DOL  1697461.92 5138684.47 11°34'01.43 46°22'22.01 2440.97 462.31
Location 8 L-8P LS 1697452.85 5138680.63 11°34'01.00 46°22'21.90 2441.41 462.75
Location 8 L-8Q DOL  1697452.85 5138680.63 11°34'01.00 46°22'21.90 2441.48 462.82
Location 8 L-8R LS 1697504.25 5138689.14 11°34'03.41 46°22'22.12 2432.17 453.51
Location 8 L-8S DOL  1697503.50 5138688.13 11°34'03.38 46°22'22.09 2432.38 453.72
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 8 L-8T DOL  1697503.27 5138697.72 11°34'03.38 46°22'22.40 2430.08 451.42
Location 8 L-8U DOL  1697506.03 5138698.28 11°34'03.51 46°22'22.41 2429.57 450.91
Location 8 L-8V DOL  1697499.71 5138697.73 11°34'03.21 46°22'22.40 2431.86 453.20
Location 8 L-8W DOL  1697502.52 5138701.40 11°34'03.35 46°22'22.52 2433.13 454.47
Location 8 L-8X DOL  1697499.93 5138702.17 11°34'03.23 46°22'22.55 2434.08 455.42
Location 8 8T-1 DOL  1697444.98 5138682.42 11°34'00.63 46°22'21.96 2442.22 463.56
Location 8 8T-2 DOL  1697446.06 5138681.73 11°34'00.68 46°22'21.94 2442.28 463.62
Location 8 8T-3 DOL  1697448.48 5138681.49 11°34'00.79 46°22'21.93 2441.84 463.18
Location 8 8T-4 DOL  1697450.58 5138681.08 11°34'00.89 46°22'21.91 2441.82 463.16
Location 8 8T-5 DOL  1697455.04 5138680.83 11°34'01.10 46°22'21.90 2441.48 462.82
Location 8 8T-6 DOL  1697458.03 5138681.32 11°34'01.24 46°22'21.91 2441.06 462.40
Location 8 8T-7 DOL  1697459.81 5138682.04 11°34'01.32 46°22'21.94 2441.05 462.39
Location 8 8T-8 DOL  1697462.35 5138684.77 11°34'01.45 46°22'22.02 2441.20 462.54
Location 8 8T-9 DOL  1697463.40 5138685.67 11°34'01.50 46°22'22.05 2440.98 462.32
Location 8 8T-10 DOL  1697466.22 5138686.98 11°34'01.63 46°22'22.09 2440.67 462.01
Location 8 8T-11 DOL  1697467.89 5138687.33 11°34'01.71 46°22'22.10 2440.46 461.80
Location 8 8T-12 DOL  1697470.73 5138687.65 11°34'01.84 46°22'22.11 2440.26 461.60
Location 8 8T-13 DOL  1697475.86 5138689.59 11°34'02.09 46°22'22.16 2439.29 460.63
Location 8 8T-14 DOL  1697489.54 5138691.01 11°34'02.73 46°22'22.20 2435.83 457.17
Location 9 L-9A LS 1697724.04 5139430.70 11°34'14.82 46°22'45.89 2497.55 518.89
Location 9 L-9B LS 1697734.43 5139433.84 11°34'15.31 46°22'45.98 2501.54 522.88
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 9 L-9C LS 1697734.79 5139435.91 11°34'15.33 46°22'46.05 2505.74 527.08
Location 9 L-9D LS 1697745.12 5139438.60 11°34'15.81 46°22'46.12 2507.46 528.80
Location 9 L-9E LS 1697744.50 5139412.18 11°34'15.74 46°22'45.27 2509.72 531.06
Location 9 L-9F LS 1697741.14 5139445.90 11°34'15.64 46°22'46.36 2513.73 535.07
Location 11 L-11A LS 1697988.40 5138617.77 11°34'25.94 46°22'19.30 2201.89 223.23
Location 11 L-11B DOL  1697989.40 5138627.16 11°34'26.00 46°22'19.60 2208.01 229.35
Location 11 L-11C DOL  1697986.66 5138630.65 11°34'25.88 46°22'19.72 2210.43 231.77
Location 11 L-11D LS 1697973.57 5138651.64 11°34'25.30 46°22'20.41 2230.52 251.86
Location 11 L-11E DOL  1697975.80 5138645.96 11°34'25.40 46°22'20.23 2223.20 244.54
Location 11 L-11F LS 1697963.37 5138666.77 11°34'24.85 46°22'20.91 2240.12 261.46
Location 11 L-11G DOL  1697984.38 5138663.07 11°34'25.82 46°22'20.77 2250.77 272.11
Location 11 L-11H LS 1697943.43 5138688.88 11°34'23.95 46°22'21.65 2250.33 271.67
Location 12 L-12A DOL  1697344.73 5138746.75 11°33'56.04 46°22'24.15 2478.58 499.92
Location 12 L-12B DOL  1697359.58 5138755.35 11°33'56.75 46°22'24.41 2474.11 495.45
Location 12 L-12C DOL  1697362.66 5138760.22 11°33'56.90 46°22'24.57 2473.79 495.13
Location 12 L-12D LS 1697363.31 5138762.94 11°33'56.93 46°22'24.66 2475.70 497.04
Location 12 L-12E DOL  1697368.98 5138768.32 11°3357.21 46°22'24.82 2474.07 495.41
Location 12 L-12F LS 1697364.53 5138790.89 11°33'57.03 46°22'25.56 2485.48 506.82
Location 12 L-12G LS 1697353.86 5138777.67 11°33'56.51 46°22'25.14 2493.20 514.54
Location 12 L-12H DOL  1697353.13 5138775.47 11°33'56.48 46°22'25.07 2493.09 514.43
Location 12 L-12I LS 1697328.68 5138749.45 11°33'55.29 46°22'24.26 2487.02 508.36
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Location 12 L-12] LS 1697316.17 5138749.49 11°33'54.71 46°22'24.27 2484.36 505.70
Location 13 L-13A DOL  1697533.42 5137297.76 11°34'02.66 46°21'37.05 2482.58 503.92
Location 13 L-13B DOL  1697521.89 5137298.14 11°34'02.13 46°21'37.08 2481.92 503.26
Location 13 L-13C DOL  1697509.74 5137300.06 11°34'01.56 46°21'37.15 2482.55 503.89
Location 13 L-13D DOL  1697514.98 5137286.92 11°34'01.79 46°21'36.72 2495.85 517.19
Location 13 L-13E DOL  1697520.38 5137285.62 11°34'02.04 46°21'36.68 2495.65 516.99
Location 13 L-13F DOL  1697522.13 5137273.37 11°34'02.10 46°21'36.28 2504.68 526.02
Traverse A LAS-1 LS 1697893.86 5138794.69 11°34'21.79 46°22'25.13 2332.33 353.67
Traverse A LAS-2 LS 1697863.86 5138768.28 11°34'20.35 46°22'24.30 2342.36 363.70
Traverse A LAS-3 LS 1697803.33 5138751.00 11°34'17.49 46°22'23.81 2353.87 375.21
Traverse A LAS-4 LS 1697742.67 5138758.34 11°34'14.67 46°22'24.11 2364.88 386.22
Traverse A LAS-5 DOL  1697735.80 5138768.20 11°34'14.36 46°22'24.43 2363.85 385.19
Traverse A LAS-6 LS 1697702.74 5138752.05 11°34'12.79 46°22'23.95 2376.92 398.26
Traverse A LAS-7 LS 1697648.93 5138736.25 11°34'10.25 46°22'23.49 2392.57 413.91
Traverse A LAS-8 DOL  1697638.01 5138732.33 11°34'09.73 46°22'23.38 2397.02 418.36
Traverse A LAS-9 DOL  1697585.30 5138747.35 11°34'07.29 46°22'23.92 2407.44 428.78
Traverse A LAS-10 DOL  1697509.12 5138671.30 11°34'03.61 46°22'21.54 2426.52 447.86
Traverse A LAS-11 LS 1697473.53 5138641.21 11°34'01.90 46°22'20.60 2431.43 452.77
Traverse A LAS-12 DOL  1697463.53 5138625.86 11°34'01.41 46°22'20.11 2436.99 458.33
Traverse A LAS-13 LS 1697440.94 5138587.18 11°34'00.30 46°22'18.89 2435.91 457.25
Traverse A LAS-14 LS 1697433.34 5138535.85 11°33'59.86 46°22'17.23 2436.49 457.83




0ST

Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Traverse A LAS-15 DOL  1697438.27 5138531.12 11°34'00.09 46°22'17.07 2436.17 457.51
Traverse A LAS-16 LS 1697433.52 5138507.78 11°33'59.83 46°22'16.32 2435.81 457.15
Traverse A LAS-17 LS 1697415.81 5138487.67 11°33'58.97 46°22'15.69 2445.30 466.64
Traverse A LAS-18 LS 1697404.64 5138486.78 11°33'58.45 46°22'15.67 2451.09 472.43
Traverse A LAS-19 LS 1697371.42 5138476.47 11°33'56.88 46°22'15.38 2462.61 483.95
Traverse A LAS-20 LS 1697341.87 5138449.24 11°33'55.46 46°22'14.53 2461.94 483.28
Traverse A LAS-21 DOL  1697323.85 5138448.95 11°33'54.61 46°22'14.53 2466.82 488.16
Traverse A LAS-22 LS 1697313.72 5138415.16 11°33'54.09 46°22'13.45 2478.05 499.39
Traverse A LAS-23 DOL  1697312.20 5138409.08 11°33'54.01 46°22'13.26 2482.44 503.78
Traverse A LAS-24 DOL  1697282.15 5138365.55 11°33'52.54 46°22'11.88 2501.55 522.89
Traverse A LAS-25 DOL  1697224.13 5138351.06 11°33'49.80 46°22'11.47 2519.25 540.59
Traverse A LAS-26 LS 1697168.03 5138348.75 11°33'47.17 46°22'11.46 2526.90 548.24
Traverse A LAS-27 DOL  1697099.30 5138357.24 11°33'43.97 46°22'11.80 2517.37 538.71
Traverse A LAS-28 LS 1697029.81 5138337.00 11°33'40.69 46°22'11.22 2531.09 552.43
Traverse A LAS-29 DOL  1697003.81 5138290.34 11°33'39.41 46°22'09.74 2537.22 558.56
Traverse A LAS-30 LS 1696990.27 5138280.02 11°33'38.76 46°22'09.42 2541.19 562.53
Traverse A LAS-31 LS 1696944.48 5138281.63 11°33'36.62 46°22'09.52 2537.82 559.16
Traverse A LAS-32 LS 1696862.78 5138235.70 11°33'32.73 46°22'08.12 2555.86 577.20
Traverse A LAS-34 DOL  1696831.55 5138232.06 11°33'31.26 46°22'08.03 2577.26 598.60
Traverse A LAS-33 LS 1696838.64 5138229.11 11°33'31.59 46°22'07.93 2573.51 594.85
Traverse A LAS-35 LS 1696822.71 5138241.20 11°33'30.87 46°22'08.34 2583.72 605.06
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)

Traverse A LAS-36 LS 1696797.54 5138241.86 11°33'29.69 46°22'08.38 2600.39 621.73
Traverse A LAS-37 DOL  1696764.65 5138231.02 11°3328.14 46°22'08.07 2625.93 647.27
Traverse A LAS-38 LS 1696750.79 5138216.65 11°3327.47 46°22'07.62 2636.52 657.86
Traverse A LAS-39 LS 1696756.12 5138206.68 11°3327.70 46°22'07.29 2635.15 656.49
Traverse A LAS-40 LS 1697927.11 5138786.34 11°34'23.33 46°22'24.82 2314.67 336.01
Traverse A LAS-41 DOL  1697956.80 5138732.22 11°34'24.64 46°22'23.04 2284.52 305.86
Traverse A LAS-42 LS 1697942.32 5138588.40 11°34'23.74 46°22'18.40 2216.26 237.60
Traverse A LAS-43 DOL  1697938.13 5138598.29 11°34'23.56 46°22'18.72 2225.53 246.87
Traverse A LAS-44 LS 1697973.05 5138592.74 11°34'25.19 46°22'18.51 2193.93 215.27
Traverse A LAS-45 LS 1698033.86 5138614.52 11°34'28.06 46°22'19.15 2161.78 183.12
Traverse A LAS-46 DOL  1698049.99 5138579.51 11°34'28.76 46°22'18.00 2135.43 156.77
Traverse A LAS-47 DOL  1698037.85 5138554.88 11°34'28.16 46°22'17.21 2121.74 143.08
Traverse A LAS-48 DOL  1698037.67 5138554.41 11°34'28.15 46°22'17.20 2121.59 142.93
Traverse A LAS-49 DOL  1698043.30 5138569.00 11°34'28.44 46°22'17.66 2126.28 147.62
Traverse A LAS-50 LS 1698024.36 5138519.95 11°34'27.47 46°22'16.10 2110.51 131.85
Traverse A LAS-51 DOL  1698013.09 5138490.77 11°34'26.90 46°22'15.16 2101.13 122.47
Traverse A LAS-52 DOL  1698010.25 5138483.40 11°34'26.76 46°22'14.93 2098.76 120.10
Traverse A LAS-53 DOL  1698010.89 5138483.66 11°34'26.79 46°22'14.94 2094.84 116.18
Traverse A LAS-54 DOL  1698010.95 5138483.70 11°34'26.79 46°22'14.94 2094.54 115.88
Traverse A LAS-55 DOL  1698114.21 5138455.58 11°34'31.58 46°22'13.92 1972.31 -6.35
Traverse A LAS-56 DOL  1698160.66 5138495.49 11°34'33.81 46°22'15.16 1956.96 -21.70




¢St

Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Traverse A LAS-57 DOL  1698198.15 5138527.71 11°34'35.61 46°22'16.16 1944.57 -34.09
Traverse B LBS-1 DOL  1697845.30 5137638.40 11°34'17.76 46°21'47.75 2337.46 358.80
Traverse B LBS-2 DOL  1697845.04 5137637.23 11°34'17.75 46°21'47.71 2338.70 360.04
Traverse B LBS-3 LS 1697844.35 5137634.11 11°34'17.71 46°21'47.61 2342.01 363.35
Traverse B LBS-4 LS 1697790.27 5137590.57 11°34'15.12 46°21'46.26 2395.18 416.52
Traverse B LBS-5 DOL  1697681.90 5137593.81 11°34'10.06 46°21'46.48 2409.02 430.36
Traverse B LBS-6 LS 1697676.19 5137593.98 11°34'09.79 46°21'46.49 2409.75 431.09
Traverse B LBS-7 LS 1697639.31 5137595.09 11°34'08.07 46°21'46.57 2414.46 435.80
Traverse B LBS-8 LS 1697557.05 5137584.95 11°34'04.20 46°21'46.33 2431.49 452.83
Traverse B LBS-9 DOL  1697521.93 5137570.88 11°34'02.54 46°21'45.91 2443.81 465.15
Traverse B LBS-10 LS 1697456.75 5137641.35 11°33'59.60 46°21'48.26 2460.27 481.61
Traverse B LBS-11 LS 1697408.16 5137706.02 11°33'57.43 46°21'50.40 2472.18 493.52
Traverse B LBS-12 LS 1697352.24 5137760.18 11°33'54.90 46°21'52.21 2501.93 523.27
Traverse B LBS-13 LS 1697255.09 5137748.00 11°33'50.33 46°21'51.92 2520.03 541.37
Traverse B LBS-14 LS 1697014.59 5137643.13 11°33'38.93 46°21'48.78 2542.95 564.29
Traverse B LBS-15 LS 1697014.59 5137643.13 11°33'38.93 46°21'48.78 2558.86 580.20
Traverse C LCS-1 LS 1697730.24 5138904.30 11°34'14.31 46°22'28.85 2368.72 390.06
Traverse C LCS-2 LS 1697710.85 5138960.62 11°34'13.49 46°22'30.69 2388.55 409.89
Traverse C LCS-3 LS 1697683.58 5139016.46 11°34'12.29 46°22'32.52 2410.69 432.03
Traverse C LCS-4 LS 1697617.49 5139085.11 11°34'09.31 46°22'34.82 2442.68 464.02
Traverse C LCS-5 LS 1697611.09 5139131.56 11°34'09.08 46°22'36.33 2474.17 495,51
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Appendix I. cont.

Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Traverse C LCS-6 LS 1697580.33 5139182.02 11°34'07.72 46°22'37.99 2491.55 512.89
Traverse C LCS-7 LS 1697548.91 5139222.84 11°34'06.31 46°22'39.35 2500.64 521.98
Traverse C LCS-8 DOL  1697524.61 5139251.16 11°34'05.22 46°22'40.29 2505.03 526.37
Traverse C LCS-9 LS 1697426.57 5139413.47 11°34'00.88 46°22'45.64 2520.84 542.18
Traverse C LCS-10 DOL  1697420.86 5139432.54 11°34'00.64 46°22'46.27 2521.38 542.72
Traverse C LCS-11 DOL  1697432.59 5139393.34 11°34'01.13 46°22'44.99 2520.27 541.61
Traverse C LCS-12 LS 1697391.67 5139517.18 11°33'59.40 46°22'49.04 2527.84 549.18
Traverse C LCS-13 LS 1697366.35 5139568.62 11°33'58.30 46°22'50.73 254457 565.91
Traverse C LCS-14 LS 1697365.57 5139543.71 11°33'58.22 46°22'49.92 2556.47 577.81
Traverse C LCS-15 LS 1697364.24 5139681.53 11°33'58.37 46°22'54.39 2609.33 630.67
Traverse D LDS-1a LS 1697864.44 5137803.16 11°34'18.91 46°21'53.06 2284.89 306.23
Traverse D LDS-1b LS 1697863.77 5137804.46 11°34'18.88 46°21'53.11 2285.21 306.55
Traverse D LDS-2 DOL  1697822.23 5137884.91 11°34'17.06 46°21'55.76 2305.08 326.42
Traverse D LDS-3 DOL  1697758.28 5137873.77 11°34'14.05 46°21'55.46 2337.77 359.11
Traverse D LDS-4 LS 1697736.59 5137869.83 11°34'13.03 46°21'55.36 2343.91 365.25
Traverse D LDS-5 DOL  1697705.16 5137864.12 11°34'11.55 46°21'55.21 2352.81 374.15
Traverse D LDS-6 LS 1697686.65 5137860.76 11°34'10.68 46°21'55.12 2358.05 379.39
Traverse D LDS-7 LS 1697609.91 5137918.36 11°34'07.18 46°21'57.06 2383.03 404.37
Traverse D LDS-8 LS 1697548.52 5137966.67 11°34'04.39 46°21'58.69 2409.21 430.55
Traverse D LDS-9a LS 1697480.58 5138078.74 11°34'01.38 46°22'02.39 2437.66 459.00
Traverse D LDS-9b LS 1697473.06 5138091.15 11°34'01.05 46°22'02.80 2440.81 462.15
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Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Traverse D LDS-10 LS 1697398.88 5138135.74 11°33'57.65 46°22'04.32 2455.46 476.80
Traverse D LDS-11 DOL  1697332.37 5138182.19 11°33'54.61 46°22'05.89 2487.91 509.25
Traverse D LDS-13 LS 1697221.10 5138139.46 11°33'49.34 46°22'04.63 2463.86 485.20
Traverse D LDS-12 DOL  1697226.10 5138143.30 11°33'49.58 46°22'04.74 2462.18 483.52
Traverse D LDS-14 DOL  1697177.61 5138106.02 11°33'47.25 46°22'03.59 2476.81 498.15
Traverse D LDS-15 LS 1697163.54 5138052.13 11°33'46.52 46°22'01.86 2485.66 507.00
Traverse D LDS-16 DOL  1697147.21 5138050.98 11°33'45.75 46°22'01.84 2490.84 512.18
Traverse D LDS-17 LS 1697111.10 5138048.42 11°33'44.06 46°22'01.79 2502.29 523.63
Traverse D LDS-18 LS 1697071.46 5138067.00 11°33'42.23 46°22'02.44 2514.38 535.72
Traverse E LES-1 LS 1697339.17 5138663.42 11°33'55.65 46°22'21.46 2451.17 472,51
Traverse E LES-2 LS 1697271.39 5138670.85 11°33'52.50 46°22'21.77 2460.19 481.53
Traverse E LES-3 DOL  1697263.47 5138660.72 11°3352.11 46°22'21.45 2457.50 478.84
Traverse E LES-4 DOL  1697243.25 5138652.27 11°33'51.15 46°22'21.20 2458.77 480.11
Traverse E LES-5 DOL  1697225.00 5138620.91 11°33'50.25 46°22'20.20 2461.59 482.93
Traverse E LES-6 LS 1697224.40 5138614.11 11°33'50.21 46°22'19.98 2459.88 481.22
Traverse E LES-7 DOL  1697220.21 5138607.77 11°33'50.01 46°22'19.78 2459.95 481.29
Traverse E LES-8 LS 1697206.12 5138598.41 11°33'49.33 46°22'19.50 2461.16 482.50
Traverse E LES-9 DOL  1697187.38 5138594.57 11°33'48.45 46°22'19.39 2466.46 487.80
Traverse E LES-10 LS 1697165.10 5138586.33 11°33'47.40 46°22'19.15 2477.38 498.72
Traverse E LES-11 LS 1697123.32 5138544.55 11°33'45.38 46°22'17.84 2505.03 526.37
Traverse E LES-12 LS 1697074.30 5138521.69 11°33'43.05 46°22'17.15 2536.05 557.39
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Location Sample RO(_:k Easting Northing Longitude Latitude elevation dip-co_rrected
Unit  Gauss-Boaga Gauss-Boaga (WGS84) (WGS84) (m) elevation (m)
Traverse E LES-13 DOL  1697033.42 5138550.31 11°33'41.19 46°22'18.12 2551.96 573.30
Traverse E LES-14 DOL  1697009.19 5138605.82 11°33'40.14 46°22'19.94 2579.58 600.92
Traverse E LES-15 DOL  1696930.00 5138614.33 11°33'36.45 46°22'20.30 2595.08 616.42
Traverse E LES-16a LS 1696947.80 5138613.26 11°33'37.28 46°22'20.25 2604.89 626.23
Traverse E LES-16b LS 1696947.80 5138613.26 11°33'37.28 46°22'20.25 2605.67 627.01
Traverse F LFS-1 DOL  1697122.62 5138130.17 11°33'44.72 46°22'04.43 2496.75 518.09
Traverse F LFS-2 LS 1697067.62 5138133.89 11°33'42.15 46°22'04.61 2511.82 533.16
Traverse F LFS-3 DOL  1697042.04 5138145.03 11°33'40.97 46°22'04.99 2521.22 542.56
Traverse F LFS-4 LS 1696997.27 5138124.60 11°33'38.85 46°22'04.38 2530.20 551.54

Notes: DOL, dolomite; LS, limestone; dip-corrected elevation normalized to top of Contrin Formation.
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Sample L-1A L-1C L-1D L-1H L-4A
Mineral calcite dolomite dolomite calcite calcite

MgO 0.63 (0.15) 18.92 (0.67) 20.03 (0.27) 0.60 (0.17) 0.54 (0.14)
CaO 55.96 (0.32) 32.43 (0.73) 30.57 (0.30) 55.45 (0.26) 55.51 (0.61)
FeO 0.01 (0.01) 1.20 (0.67) 1.50 (0.16) 0.04 (0.04) 0.02 (0.02)
MnO 0.02 (0.01) 0.04 (0.02) 0.03 (0.01) 0.01 (0.01) 0.01 (0.02)
Sro 0.05 (0.05) 0.05 (0.07) 0.02 (0.03) 0.02 (0.02) 0.02 (0.02)
Sum 56.66 52.64 52.16 56.11 56.11

Ca pfu 0.984 (0.004) 0.543 (0.013) 0.512 (0.005) 0.985 (0.004) 0.986 (0.003)
Mg pfu 0.015 (0.004) 0.441 (0.014) 0.467 (0.006) 0.015 (0.004) 0.013 (0.003)
Fe pfu 7.1.10% (2.7.10%)  1.610%(8.810%)  2.010%(2.1.10%) 4.6:10% (6.6-10 2.8:10% (4.7.10%%
Mn pfu 7.1.10% (2.610%) 5110%(3.6:10%)  4.1.10%(2.0-10%) 7.6:10% (2.8:10% 5.6:10% (2.4-10%)
Sr pfu 5.010% (5.1.10%) 51107 (6.810%)  1.6:10%(3.0-10%) 7.7-10% (2.8:10 5.7-10% (2.4-10%)
Sample L-4B L-4C L-4D L-6A L-6B
Mineral calcite calcite calcite dolomite dolomite
MgO 0.66 (0.23) 0.86 (0.27) 0.71 (0.17) 19.61 (0.78) 19.96 (0.27)
CaO 54.69 (0.36) 54.45 (0.46) 54.66 (0.38) 32.75 (0.78) 30.73 (0.26)
FeO 0.05 (0.05) 0.02 (0.02) 0.04 (0.06) 0.46 (0.16) 1.31 (0.09)
MnO 0.01 (0.01) 0.00 (0.01) 0.02 (0.03) 0.02 (0.02) 0.03 (0.01)
Sro 0.02 (0.03) 0.01 (0.01) 0.03 (0.03) 0.01 (0.01) 0.01 (0.01)
Sum 55.43 55.35 55.47 52.85 52.04

Ca pfu 0.982 (0.006) 0.977 (0.007) 0.980 (0.004) 0.542 (0.015) 0.516 (0.004)
Mg pfu 0.017 (0.006) 0.022 (0.007) 0.018 (0.005) 0.452 (0.015) 0.466 (0.004)
Fe pfu 7.310%(9.9.10%)  3.910% (5.4.10% 6.910%(1.0.10%)  59.10% (2.1.10%) 1.7.10%% (1.2.10%)
Mn pfu ND ND 2.310% (4.6:10%% 2,510 (2.6:10 3.5.10% (2.4-10
Sr pfu 1.010% (3.3.10% ND 2.310%™ (4.6:10™ 3.6:10% (1.3-10™ ND
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Appendix Il . (cont.)
Sample L-7A L-7A L-7B L-7B L-7D
Mineral calcite dolomite calcite dolomite calcite
MgO 0.52 (0.09) 18.60 (0.64) 0.68 (0.10) 19.28 (0.19) 0.43 (0.29)
CaO 55.97 (0.23) 33.21 (0.66) 55.71 (0.38) 33.27 (0.40) 55.64 (0.55)
FeO 0.02 (0.01) 0.59 (0.37) 0.02 (0.02) 0.31 (0.08) 0.05 (0.07)
MnO 0.01 (0.01) 0.02 (0.02) 0.00 (0.01) 0.02 (0.02) 0.01 (0.01)
Sro 0.02 (0.01) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01)
Sum 56.54 52.43 56.43 52.89 56.14
Ca pfu 0.987 (0.002) 0.558 (0.011) 0.983 (0.003) 0.551 (0.005) 0.989 (0.007)
Mg pfu 0.013 (0.002) 0.434 (0.014) 0.017 (0.003) 0.444 (0.005) 0.011 (0.007)
Fe pfu 6.6-10% (2.6:10%)  7.8.10% (4.8-10%) 1.2:10% (3.4.10% 4.0-10% (1.1.10%) 7.3-10% (1.0.10%)
Mn pfu ND 3.0-10% (3.0-10% ND 2.0-10™ (2.6:10 ND
Sr pfu ND 5.0-10% (1.6:10%% 6.2:10% (2.5.10% ND ND
Sample L-7F L-7F L-7G L-7J L-7J
Mineral calcite dolomite dolomite calcite dolomite
MgO 0.91 (0.58) 20.11 (0.40) 19.43 (0.62) 0.67 (0.09) 19.22 (0.69)
CaO 54.71 (0.74) 30.71 (0.43) 33.02 (0.49) 55.29 (0.26) 33.27 (0.82)
FeO 0.08 (0.04) 1.47 (0.20) 0.16 (0.25) 0.02 (0.01) 0.41 (0.28)
MnO 0.02 (0.02) 0.05 (0.02) 0.01 (0.02) 0.01 (0.01) 0.02 (0.02)
Sro 0.00 (0.01) 0.00 (0.01) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
Sum 55.72 52.34 52.64 56.00 52.95
Ca pfu 0.977 (0.014) 0.513 (0.007) 0.542 (0.010) 0.983 (0.002) 0.551 (0.014)
Mg pfu 0.022 (0.014) 0.467 (0.008) 0.456 (0.011) 0.017 (0.002) 0.443 (0.015)
Fe pfu 9.1.10% (5.410%)  1.9.10% (2.6:10%) 2.3-10% (3.5:10%) 1.310% (3.5:10% 5.4.10% (3.7-10%)
Mn pfu 1.810% (4.1.10%)  7.1.10%(3.2.10% 1.310% (3.0.10% ND 2.510% (2.6:10%%
Sr pfu ND ND 9.6:10% (2.1:10™ ND 1.110% (2.1.10%
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Appendix Il . (cont.)
Sample L-7K L-7K L-7L L-7M L-7M
Mineral calcite dolomite dolomite calcite dolomite
MgO 0.56 (0.14) 19.32 (0.61) 19.43 (0.56) 0.69 (0.08) 19.26 (0.40)
CaO 55.57 (0.45) 33.00 (0.57) 32.56 (0.62) 55.47 (0.35) 33.32 (0.45)
FeO 0.01 (0.01) 0.41 (0.33) 0.51 (0.31) 0.02 (0.02) 0.34 (0.12)
MnO 0.01 (0.01) 0.02 (0.02) 0.03 (0.02) 0.00 (0.01) 0.01 (0.01)
Sro 0.02 (0.01) 0.01 (0.01) 0.02 (0.01) 0.01 (0.01) 0.02 (0.01)
Sum 56.17 52.77 52.54 56.19 52.95
Ca pfu 0.986 (0.003) 0.548 (0.010) 0.543 (0.011) 0.983 (0.002) 0.552 (0.008)
Mg pfu 0.014 (0.003) 0.446 (0.013) 0.450 (0.011) 0.017 (0.002) 0.444 (0.008)
Fe pfu 7.2.10% (2.7.10%) 54109 (4.4.10%) 6.6:10 (4.0.10%) 1.410% (3.6:10%)  4.310%(1.6:10%)
Mn pfu ND 3.6:10% (2.5:10%) 3.7:10% (3.9:.10% ND 1.410% (2.3.10%
Sr pfu ND 7.2.10% (1.9:10%% 6.9-10% (1.8:10 ND 9.1.10% (2.0-10%%
Sample 7T-1 7T-1 7T-2 7T-2 7T-3
Mineral calcite dolomite calcite dolomite calcite
MgO 0.91 (0.21) 19.49 (0.68) 0.65 (0.21) 19.63 (0.48) 1.13 (0.81)
CaO 54.54 (0.34) 32.47 (0.68) 54.71 (0.41) 32.01 (0.60) 54.84 (0.98)
FeO 0.07 (0.03) 0.32 (0.28) 0.07 (0.03) 0.31 (0.09) 0.06 (0.03)
MnO 0.01 (0.02) 0.03 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sro 0.00 (0.01) 0.01 (0.01) 0.01 (0.02) 0.01 (0.02) 0.01 (0.02)
Sum 55.53 52.32 55.46 51.97 56.05
Ca pfu 0.976 (0.005) 0.543 (0.013) 0.983 (0.005) 0.537 (0.010) 0.972 (0.020)
Mg pfu 0.023 (0.005) 0.453 (0.014) 0.016 (0.005) 0.458 (0.009) 0.028 (0.020)
Fe pfu 1.010%(5.810%)  4.2.10%(3.6:10%) 9.1.10 (3.2:10% 4.1-10% (1.2.10%) 6.2:10% (5.0.10%%
Mn pfu 1.410%(3.810%)  4.0.10%(3.3-.10% ND 1.1.10% (2.1.10% 1.310% (3.4.10%
Sr pfu ND 8.410% (1.9.10™ ND 7.310% (1.8:10™ ND
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Appendix Il . (cont.)
Sample 7T-3 7T-4 7T-5 7T-6 7T-7
Mineral dolomite dolomite dolomite dolomite dolomite
MgO 19.84 (0.68) 19.68 (0.63) 19.33 (0.23) 19.05 (0.30) 19.21 (0.17)
CaO 31.56 (0.72) 32.51 (0.80) 30.49 (0.28) 30.57 (0.16) 30.49 (0.29)
FeO 0.31 (0.32) 0.32 (0.21) 2.47 (0.19) 2.77 (0.41) 2.52 (0.10)
MnO 0.02 (0.03) 0.02 (0.02) 0.05 (0.02) 0.06 (0.02) 0.06 (0.02)
Sro 0.01 (0.01) 0.03 (0.02) 0.01 (0.01) 0.01 (0.02) 0.02 (0.02)
Sum 51.74 52.56 52.36 52.47 52.30
Ca pfu 0.531 (0.012) 0.540 (0.013) 0.514 (0.004) 0.516 (0.003) 0.515 (0.004)
Mg pfu 0.465 (0.014) 0.455 (0.014) 0.453 (0.005) 0.447 (0.006) 0.451 (0.004)
Fe pfu 4.010% (4.2.10%)  4.1.10% (2.8.10%) 3.2.10% (2.5:.10%) 3.6:10%% (5.4.10%) 3.3.10%% (1.3-.10%)
Mn pfu 2.310% (3.410%)  3.510%(3.2.10%) 7.5:10% (2.6:10 7.8:10% (3.4.10% 8.1-10% (3.2.10%
Sr pfu 7.8:10% (1.910%)  2.4.10% (2.6:10%) 6.8:10% (1.8:10 1.2.10% (2.2.10%) 1.0.10% (2.1.10%%
Sample 7T-8 7T-8 7T-9 7T-9 7T-10
Mineral calcite dolomite calcite dolomite calcite
MgO 1.31 (2.47) 19.47 (0.51) 0.68 (0.41) 19.52 (0.44) 1.48 (2.20)
CaO 54.50 (2.39) 32.12 (0.59) 54.85 (0.59) 32.43 (0.56) 54.34 (2.46)
FeO 0.07 (0.05) 0.46 (0.26) 0.03 (0.02) 0.35 (0.35) 0.07 (0.02)
MnO 0.01 (0.02) 0.03 (0.03) 0.01 (0.01) 0.02 (0.02) 0.02 (0.02)
Sro 0.02 (0.02) 0.01 (0.01) 0.01 (0.02) 0.02 (0.02) 0.01 (0.02)
Sum 55.91 52.09 55.59 52.34 55.92
Ca pfu 0.967 (0.058) 0.539 (0.009) 0.983 (0.010) 0.542 (0.009) 0.963 (0.052)
Mg pfu 0.031 (0.058) 0.455 (0.010) 0.017 (0.010) 0.454 (0.009) 0.036 (0.052)
Fe pfu 1.1.10% (8.310%)  6.0.10% (3.5:10%) 3.3-10% (4.9-.10% 4510% (4.7.10%) 9.1.10™ (3.0-10%%
Mn pfu 2510 (4.6:10%)  3.1.10% (3.3-10%) 8.4.10% (2.9-10% 2.4.10 (3.2:10% 1.810% (4.0.10%
Sr pfu ND 7.910% (1.9:.10% 8.3-10 (2.9:-10™ 1.310% (2.3.10% ND
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Appendix Il . (cont.)
Sample 7T-10 7T-11 7T-11 7T-12 7T-13
Mineral dolomite calcite dolomite dolomite calcite
MgO 19.54 (0.49) 0.81 (0.29) 19.14 (0.52) 20.09 (0.37) 0.94 (0.21)
CaO 32.26 (0.62) 55.39 (0.47) 32.93 (0.66) 30.83 (0.25) 54.67 (0.57)
FeO 0.31 (0.32) 0.05 (0.03) 0.25 (0.17) 1.22 (0.38) 0.07 (0.09)
MnO 0.02 (0.02) 0.01 (0.02) 0.01 (0.01) 0.05 (0.02) 0.04 (0.04)
Sro 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 0.00 (0.01) 0.01 (0.01)
Sum 52.15 56.26 52.35 52.20 55.74
Ca pfu 0.540 (0.010) 0.979 (0.007) 0.551 (0.011) 0.516 (0.003) 0.975 (0.007)
Mg pfu 0.455 (0.010) 0.020 (0.007) 0.445 (0.011) 0.468 (0.007) 0.024 (0.005)
Fe pfu 4110%(4.2.10%)  6.2.10% (6.1.10% 3.4.10% (2.3.10%) 1.6:10% (5.1.10%) 1.0.10% (1.4-10%)
Mn pfu 2.2.10% (3.310%)  1.2.10% (3.4.10%) 1.6-10% (2.4-10% 7.0-10% (3.9:.10% 5.0-10% (6.8-10
Sr pfu 1.8:10™ (2.5:10% ND 3.9-10% (1.4-10% 3.9-10% (1.4-10% ND
Sample 7T-13 7T-14 7T-14 7T-15 7T-15
Mineral dolomite calcite dolomite calcite dolomite
MgO 19.13 (0.34) 1.01 (1.31) 19.04 (0.16) 0.76 (0.28) 19.20 (0.56)
CaO 30.85 (0.19) 55.36 (1.54) 33.44 (0.47) 55.73 (0.40) 32.85 (0.75)
FeO 1.92 (0.30) 0.03 (0.03) 0.15 (0.16) 0.02 (0.02) 0.33 (0.15)
MnO 0.06 (0.03) 0.01 (0.02) 0.02 (0.02) 0.02 (0.02) 0.02 (0.02)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.00 (0.01)
Sum 51.97 56.43 52.66 56.54 52.40
Ca pfu 0.523 (0.003) 0.975 (0.032) 0.557 (0.005) 0.981 (0.006) 0.549 (0.012)
Mg pfu 0.451 (0.006) 0.025 (0.031) 0.441 (0.005) 0.019 (0.007) 0.446 (0.012)
Fe pfu 2510 (4.1.10%)  4.1.10% (5.0-10%) 2.0-10% (2.1.10%) 2.810% (4.810%)  4.3.10% (1.9-10%)
Mn pfu 7.810%(3.9.10%)  1.7.10% (3.9-10%) 1.7.10% (2.5.10% 1.410% (3.7.10% 2.9.10% (3.3.10%
Sr pfu 3.9-10% (1.4-10% ND 3.410% (1.3-10% ND 3.6:10% (1.4-10™
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Appendix Il . (cont.)
Sample 7T-16 7T-16 7T-17 L-8A L-8A
Mineral calcite dolomite calcite calcite dolomite
MgO 0.66 (0.36) 19.46 (0.91) 0.64 (0.36) 0.37 (0.06) 19.43 (0.39)
CaO 55.35 (0.59) 32.79 (0.82) 55.15 (0.49) 56.30 (0.23) 31.97 (0.35)
FeO 0.03 (0.03) 0.36 (0.30) 0.07 (0.11) 0.03 (0.03) 0.33 (0.17)
MnO 0.01 (0.01) 0.03 (0.03) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0.00 (0.00)
Sum 56.05 52.65 55.88 56.72 51.74
Ca pfu 0.983 (0.009) 0.545 (0.016) 0.983 (0.009) 0.991 (0.002) 0.539 (0.007)
Mg pfu 0.016 (0.009) 0.450 (0.017) 0.016 (0.009) 0.009 (0.002) 0.456 (0.008)
Fe pfu 3.0.10%(6.7.10%)  4.6:10% (3.9.10%) 9.3-10% (1.6-10%) 3.7.10% (5.1.10%)  4.410% (2.2.10%)
Mn pfu ND 3.6:10% (4.2.10% 7.2.10% (2.7.10% ND 2.0-10™ (2.8:10%%
Sr pfu ND ND ND ND ND
Sample L-8B L-8B L-8D L-8E L-8E
Mineral calcite dolomite dolomite calcite dolomite
MgO 0.40 (0.05) 19.19 (0.45) 19.86 (0.55) 0.37 (0.04) 19.09 (0.31)
CaO 56.18 (0.27) 32.77 (0.94) 32.00 (0.75) 56.27 (0.35) 33.58 (0.29)
FeO 0.04 (0.02) 0.45 (0.27) 0.38 (0.20) 0.03 (0.01) 0.19 (0.19)
MnO 0.00 (0.00) 0.01 (0.01) 0.02 (0.02) 0.00 (0.00) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0.02 (0.02)
Sum 56.62 52.43 52.27 56.68 52.88
Ca pfu 0.990 (0.001) 0.548 (0.014) 0.534 (0.012) 0.990 (0.002) 0.557 (0.004)
Mg pfu 0.010 (0.001) 0.446 (0.011) 0.461 (0.012) 0.009 (0.001) 0.441 (0.005)
Fe pfu 5.0-10% (5.4.10%)  5.9.10% (3.4.10%) 5.0-10% (2.6.10%) 4.0-10% (5.4.10% 2.5.10% (2.5:10%)
Mn pfu ND 2.0.10% (2.8:10% 2.4.10™ (2.6:10 ND 1.1.10% (2.2.10%%
Sr pfu ND 1.010% (2.3.10% 4410 (1510 ND 5.6:10% (1.7.10™
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Appendix Il . (cont.)
Sample L-8F L-8F L-8H L-8H L-8l
Mineral calcite dolomite calcite dolomite calcite
MgO 0.45 (0.14) 18.98 (0.35) 0.43 (0.08) 18.84 (0.44) 0.44 (0.05)
CaO 55.53 (0.58) 33.25 (0.42) 56.17 (0.30) 33.65 (0.58) 55.35 (0.40)
FeO 0.09 (0.27) 0.39 (0.31) 0.03 (0.01) 0.14 (0.05) 0.01 (0.02)
MnO 0.00 (0.01) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.02 (0.01)
Sum 56.09 52.65 56.64 52.65 55.83
Ca pfu 0.987 (0.006) 0.554 (0.007) 0.989 (0.002) 0.561 (0.009) 0.989 (0.001)
Mg pfu 0.011 (0.003) 0.440 (0.007) 0.010 (0.002) 0.437 (0.009) 0.011 (0.001)
Fe pfu 1.2.10%° (3.6:10%)  5.2.10% (4.0-10%) 2.8:10% (4.7.10% 1.8:10% (6.2.10% 7.2.10% (2.7.10%%
Mn pfu ND 2.2.10% (2.7.10%% ND 2.5:10% (2.8:10% ND
Sr pfu ND 5.6-10% (1.7.10%% ND 8.4-10% (2.1.10 ND
Sample L-8l L-8L L-8L L-8P L-8P
Mineral dolomite calcite dolomite calcite dolomite
MgO 20.20 (0.80) 0.44 (0.10) 18.71 (0.56) 0.36 (0.06) 19.24 (0.48)
CaO 31.97 (0.91) 56.01 (0.27) 32.84 (1.14) 56.08 (0.27) 33.14 (0.53)
FeO 0.60 (0.37) 0.06 (0.18) 0.65 (0.52) 0.02 (0.02) 0.21 (0.19)
MnO 0.01 (0.01) 0.00 (0.00) 0.02 (0.03) 0.00 (0.01) 0.01 (0.02)
Sro 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 52.80 56.52 52.24 56.49 52.61
Ca pfu 0.528 (0.017) 0.989 (0.003) 0.553 (0.017) 0.991 (0.001) 0.552 (0.009)
Mg pfu 0.464 (0.015) 0.011 (0.003) 0.438 (0.013) 0.009 (0.002) 0.446 (0.009)
Fe pfu 7.710% (4.7.10%)  7.1.10™ (2.4.10%) 8.6-10 (6.8-10%) 2,510 (4.4.10% 2.7.10% (2.6:10%)
Mn pfu 1.410% (2.410% ND 3.1-.10% (4.2.10% ND 1.310% (3.0.10%
Sr pfu ND 7.110% (2.7.10% ND ND 3.310% (1.3-.10™
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Appendix Il . (cont.)
Sample L-8Q 8T-1 8T-1 8T-2 8T-3
Mineral dolomite calcite dolomite dolomite dolomite
MgO 19.30 (0.45) 0.60 (0.96) 19.03 (0.51) 19.48 (0.63) 19.64 (0.72)
CaO 32.67 (0.47) 55.92 (1.11) 33.25 (0.39) 32.92 (0.40) 32.87 (1.13)
FeO 0.53 (0.19) 0.02 (0.04) 0.45 (0.33) 0.40 (0.16) 0.32 (0.22)
MnO 0.02 (0.01) 0.01 (0.01) 0.03 (0.03) 0.02 (0.02) 0.01 (0.02)
Sro 0.01 (0.01) 0.02 (0.02) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 52.52 56.57 52.77 52.83 52.86
Ca pfu 0.545 (0.008) 0.985 (0.024) 0.553 (0.010) 0.545 (0.010) 0.544 (0.017)
Mg pfu 0.448 (0.009) 0.014 (0.023) 0.441 (0.008) 0.449 (0.011) 0.452 (0.018)
Fe pfu 6.9-10% (2.510%) 1510 (5.4.10%) 5.8:10% (4.2.10%) 5.2:10% (2.1.110%)  4.1.10% (3.0-10%)
Mn pfu 2.4.10% (26107  7.6:10% (2.7-10%) 2.5:10% (2.8:10 3.4.10% (2.5:10% 2.0-10% (2.7.10%%
Sr pfu ND 1.5:10% (3.7:10%% 8.4-10% (2.1.10 4.2.10% (1.4-10% 1.0.10% (2.2.10%%
Sample 8T-4 8T-4 8T-5 8T-5 8T-6
Mineral calcite dolomite calcite dolomite dolomite
MgO 2.78 (4.71) 20.39 (0.58) 1.10 (0.33) 19.77 (0.49) 20.02 (0.83)
CaO 52.98 (5.27) 31.90 (0.53) 55.06 (0.53) 32.57 (0.55) 32.33(0.80)
FeO 0.06 (0.10) 0.43 (0.20) 0.07 (0.03) 0.56 (0.18) 0.43 (0.30)
MnO 0.03 (0.02) 0.02 (0.02) 0.01 (0.01) 0.02 (0.02) 0.02 (0.03)
Sro 0.01 (0.02) 0.01 (0.02) 0.00 (0.00) 0.00 (0.01) 0.01 (0.02)
Sum 55.85 52.75 56.25 52.92 52.82
Ca pfu 0.933 (0.112) 0.526 (0.010) 0.972 (0.008) 0.538 (0.010) 0.534 (0.015)
Mg pfu 0.066 (0.110) 0.468 (0.011) 0.027 (0.008) 0.454 (0.010) 0.460 (0.017)
Fe pfu 7.810%(1.310%)  56.10% (2.6:10%) 1.210% (4.5.10% 7.2:10% (2.4.10%) 5.5.10% (3.9-10%)
Mn pfu 3.9.10% (5.3.10%)  2.1-10™ (3.2:10) ND 2510 (2.6:10 2.8:10% (3.7.10%
Sr pfu ND 7.1:10% (1.8:10™ ND ND 1.110% (2.2.10%
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Appendix Il . (cont.)
Sample 8T-7 8T-9 8T-10 8T-11 8T-12
Mineral dolomite dolomite dolomite dolomite dolomite
MgO 20.99 (0.32) 21.33(0.16) 19.91 (0.60) 20.28 (0.57) 20.48 (0.71)
CaO 31.02 (0.32) 31.31(0.28) 32.33(0.68) 31.81 (0.85) 31.45 (0.58)
FeO 0.71 (0.23) 0.28 (0.08) 0.37 (0.30) 0.46 (0.28) 0.42 (0.14)
MnO 0.02 (0.01) 0.02 (0.02) 0.02 (0.02) 0.02 (0.03) 0.02 (0.01)
Sro NA NA NA NA NA
Sum 52.74 52.94 52.63 52.57 52.37
Ca pfu 0.510 (0.005) 0.511 (0.004) 0.536 (0.012) 0.527 (0.013) 0.522 (0.012)
Mg pfu 0.480 (0.007) 0.485 (0.003) 0.459 (0.011) 0.467 (0.012) 0.473 (0.013)
Fe pfu 9.2.10% (3.010%)  3.7.10%(9.2.10%) 4.810% (3.9.10%) 6.0-10% (3.5.10%) 5.4.10% (1.9-10%)
Mn pfu 2510% (2.6:10%)  1.7.10% (2.6:10%) 2.5:10% (2.6:10 2.7-10% (4.2.10% 1.7.10% (2.5:10%%
Sr pfu NA NA NA NA NA
Sample 8T-13 8T-14 L-9A L-9F L-9F
Mineral dolomite dolomite calcite calcite dolomite
MgO 20.28 (0.49) 21.30 (0.17) 0.48 (0.14) 0.47 (0.06) 18.58 (1.19)
CaO 32.02 (0.54) 31.11 (0.35) 55.91 (0.28) 55.58 (0.29) 33.09 (1.13)
FeO 0.53 (0.23) 0.24 (0.14) 0.02 (0.01) 0.02 (0.02) 0.22 (0.13)
MnO 0.02 (0.01) 0.00 (0.01) 0.00 (0.00) 0.01 (0.01) 0.02 (0.02)
Sro 0.01 (0.01) 0.01 (0.01) 0.02 (0.01) 0.02 (0.01) 0.01 (0.01)
Sum 52.85 52.67 56.43 56.10 51.92
Ca pfu 0.528 (0.010) 0.511 (0.004) 0.988 (0.003) 0.988 (0.001) 0.560 (0.025)
Mg pfu 0.465 (0.010) 0.486 (0.003) 0.012 (0.003) 0.012 (0.001) 0.437 (0.024)
Fe pfu 6.910%(3.0.10%)  3.0.10% (1.8-10%) ND 1.910% (4.010%)  3.010%(1.6:10%)
Mn pfu 2.710%(2.6:10%)  3.6:10% (1.3-10) ND ND 3.1.10% (2.6:10%%
Sr pfu 7.710% (1.9:.10% ND ND ND ND
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Appendix Il . (cont.)
Sample L-11A L-11A L-11C L-11E L-11F
Mineral calcite dolomite dolomite dolomite calcite
MgO 0.35 (0.09) 19.07 (0.40) 20.81 (0.25) 19.78 (0.29) 0.31 (0.10)
CaO 55.50 (0.30) 32.52 (0.69) 30.92 (0.23) 32.74 (0.36) 55.57 (0.25)
FeO 0.04 (0.05) 0.75 (0.55) 0.73 (0.12) 0.28 (0.09) 0.03 (0.04)
MnO 0.01 (0.01) 0.03 (0.02) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.02) 0.01 (0.01)
Sum 55.91 52.39 52.48 52.83 55.93
Ca pfu 0.991 (0.002) 0.545 (0.010) 0.511 (0.004) 0.541 (0.006) 0.992 (0.002)
Mg pfu 0.009 (0.002) 0.445 (0.008) 0.479 (0.004) 0.455 (0.006) 0.008 (0.002)
Fe pfu 5.310%(8.3.10%)  9.8:10% (7.3.10%) 9.4.10% (1.5.10%) 3.6:10% (1.210%)  4.410% (7.3-10%)
Mn pfu 6.7-10% (2.6:10%)  3.8.10% (2.9-10%) 2.5:10% (2.6:10 1.3.10% (2.3.10%) 6.3-10% (2.5:10%%
Sr pfu ND 3.2:10% (1.3-10%) ND 8.4-10% (2.0-10% 6.2.10% (2.5:10%%
Sample L-11F L-11G L-11H L-11H L-12A
Mineral dolomite dolomite calcite dolomite dolomite
MgO 19.25 (0.77) 20.60 (0.20) 0.40 (0.12) 18.91 (0.31) 19.66 (0.62)
CaO 32.83(0.83) 30.78 (0.28) 55.50 (0.33) 32.99 (0.24) 32.51 (0.56)
FeO 0.30 (0.23) 0.75 (0.07) 0.03 (0.03) 0.33(0.18) 0.20 (0.11)
MnO 0.02 (0.02) 0.03 (0.01) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
Sro 0.01 (0.01) 0.00 (0.01) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01)
Sum 52.41 52.17 55.95 52.27 52.39
Ca pfu 0.548 (0.015) 0.513 (0.004) 0.990 (0.003) 0.554 (0.005) 0.542 (0.011)
Mg pfu 0.447 (0.016) 0.477 (0.004) 0.010 (0.003) 0.442 (0.005) 0.456 (0.011)
Fe pfu 3.9.10% (3.1:.10%)  9.7.10% (9.9-10%) 2.7-10™ (5.9-10% 4310% (2.4.10%)  2.7.10% (1.4.10%)
Mn pfu 2510 (3.1.10%)  3.8.10™ (2.3-10%) ND 1.910% (2.6:10% 1.1.10% (2.1.10%
Sr pfu 1.0.10™ (2.1.10% ND 6.7-10% (2.6.10™ 6.3-10 (1.8:10™ 3.6:10% (1.4-10%
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Appendix Il . (cont.)
Sample L-12B L-12D L-12D L-12F L-12F
Mineral dolomite calcite dolomite calcite dolomite
MgO 19.40 (0.56) 0.47 (0.11) 19.13 (0.35) 0.50 (0.08) 19.16 (0.41)
CaO 32.94 (0.74) 55.43 (0.30) 32.85 (0.62) 55.75 (0.34) 33.24 (0.70)
FeO 0.28 (0.20) 0.02 (0.02) 0.35 (0.38) 0.03 (0.02) 0.20 (0.13)
MnO 0.01 (0.01) 0.00 (0.01) 0.01 (0.02) 0.01 (0.01) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.02) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
Sum 52.64 55.94 52.35 56.31 52.62
Ca pfu 0.548 (0.012) 0.988 (0.003) 0.550 (0.009) 0.987 (0.002) 0.553 (0.010)
Mg pfu 0.449 (0.012) 0.012 (0.003) 0.445 (0.007) 0.012 (0.002) 0.444 (0.010)
Fe pfu 3.7.10%(2.6:10%)  2.1.10% (4.3.10% 4.6:10% (5.0.10%) 3.1.10™ (4.8.10% 2.6:10% (1.7.10%)
Mn pfu 1.7.10% (2510%)  7.1.10% (2.7-10%) 1.7-10% (2.5:10% ND 3.4.10% (1.3-10%
Sr pfu 3.4-10% (1.3-10% ND 3.3:10% (1.3-.10%) 6.2:10% (2.5.10% 3.4.10% (1.3-10%)
Sample L-12H L-12J L-12J L-13A L-13A
Mineral dolomite calcite dolomite calcite dolomite
MgO 19.89 (0.49) 0.58 (0.06) 19.34 (0.63) 2.78 (2.86) 20.19 (0.69)
CaO 32.32(0.75) 55.43 (0.20) 32.66 (0.98) 53.41 (2.94) 31.27 (0.62)
FeO 0.15 (0.11) 0.02 (0.02) 0.39 (0.18) 0.08 (0.06) 0.68 (0.34)
MnO 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.04 (0.03)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 52.38 56.04 52.41 56.29 52.19
Ca pfu 0.537 (0.012) 0.986 (0.001) 0.545 (0.016) 0.932 (0.067) 0.522 (0.012)
Mg pfu 0.460 (0.011) 0.014 (0.001) 0.449 (0.014) 0.067 (0.066) 0.469 (0.013)
Fe pfu 2.010%(1.410%)  2.1.10™ (4.2.10%) 5.1-10% (2.4-10%) 9.8:10% (8.7:10% 8.9-10% (4.5-10%)
Mn pfu 1.310% (2.3.10% ND 1.210% (2.2.10% ND 5.7.10% (4.2.10%
Sr pfu 9.4-10% (2.0-10 ND 7.8:10% (1.9-10% ND ND
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Appendix Il . (cont.)
Sample L-13B L-13E L-13E L-13F LAS-1
Mineral dolomite calcite dolomite dolomite calcite
MgO 20.79 (0.26) 0.75 (0.73) 19.55 (0.78) 20.13 (0.33) 0.43 (0.09)
CaO 30.72 (0.31) 55.58 (0.95) 32.21 (0.55) 31.00 (0.40) 55.99 (0.36)
FeO 0.47 (0.21) 0.03 (0.02) 0.32 (0.13) 1.14 (0.34) 0.02 (0.02)
MnO 0.03 (0.02) 0.02 (0.02) 0.03 (0.02) 0.03 (0.02) 0.01 (0.01)
Sro 0.00 (0.01) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 0.02 (0.03)
Sum 52.01 56.40 52.12 52.31 56.47
Ca pfu 0.512 (0.004) 0.981 (0.018) 0.540 (0.013) 0.517 (0.005) 0.989 (0.003)
Mg pfu 0.482 (0.005) 0.018 (0.018) 0.456 (0.014) 0.467 (0.005) 0.011 (0.002)
Fe pfu 6.1-10% (2.8:10%)  3.3.10% (4.9-10%) 4.2.10% (1.7.10%) 1.5:10% (4.4.10%) 1.5:10% (3.7.10%
Mn pfu 3.6:10%(3.7.10%)  1.6:10% (3.8.10% 4110 (3.9.10% 3.8:10% (2.9:.10% ND
Sr pfu ND 8.3-10% (2.9:10%% 3.3:10% (1.3-.10%) 6.3-10% (1.7.10% 1.5:10% (3.7:10%%
Sample LAS-1 LAS-5 LAS-6 LAS-6 LAS-7
Mineral dolomite dolomite calcite dolomite calcite
MgO 19.34 (0.31) 21.02 (0.22) 0.54 (0.08) 19.42 (0.50) 0.26 (0.10)
CaO 32.86 (0.50) 30.92 (0.34) 56.09 (0.31) 32.54 (0.85) 56.31 (0.22)
FeO 0.61 (0.24) 0.36 (0.06) 0.01 (0.01) 0.48 (0.38) 0.03 (0.03)
MnO 0.04 (0.02) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.03 (0.02) 0.01 (0.01) 0.01 (0.01)
Sum 52.86 52.32 56.67 52.46 56.62
Ca pfu 0.545 (0.007) 0.511 (0.005) 0.987 (0.002) 0.543 (0.013) 0.994 (0.002)
Mg pfu 0.446 (0.006) 0.484 (0.005) 0.013 (0.002) 0.451 (0.011) 0.006 (0.002)
Fe pfu 8.0.10% (3.2.10%)  4.7.10% (7.3-10%) 8.2.10% (2.9-10% 6.2:10 (4.8.10%) 1.1.10% (3.3.10%
Mn pfu 5510 (1.6:10%)  1.6:10™ (2.4.10) ND ND ND
Sr pfu 5.0-10% (1.6:10™ ND 8.3-10 (2.9-10™ 6.3-10% (1.7:10™ ND
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Appendix Il . (cont.)
Sample LAS-7 LAS-14 LAS-15 LAS-17 LAS-24
Mineral dolomite calcite dolomite calcite dolomite
MgO 19.24 (0.45) 0.57 (0.16) 20.15 (0.63) 0.66 (0.18) 20.28 (0.66)
CaO 33.18 (0.64) 55.11 (0.43) 31.88 (0.72) 55.98 (0.35) 31.52 (0.81)
FeO 0.39 (0.38) 0.02 (0.01) 0.50 (0.35) 0.02 (0.01) 0.47 (0.11)
MnO 0.02 (0.03) 0.01 (0.01) 0.02 (0.02) 0.00 (0.01) 0.03 (0.02)
Sro 0.01 (0.01) 0.01 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 52.84 55.72 52.55 56.67 52.30
Ca pfu 0.551 (0.010) 0.986 (0.004) 0.528 (0.012) 0.984 (0.004) 0.524 (0.014)
Mg pfu 0.444 (0.009) 0.014 (0.004) 0.465 (0.013) 0.016 (0.004) 0.469 (0.014)
Fe pfu 5.0-10% (5.0.10%)  1.510% (3.8.10%) 6.5:10% (4.6.10%) ND 6.1-10% (1.5:10%)
Mn pfu 2.5:10% (3.7.10%% ND 2.5:10% (3.2.10% ND 3.8:10% (2.9-10%)
Sr pfu 6.3-10% (1.7:10%% ND 6.3-10% (1.7.10 ND ND
Sample LAS-26 LAS-27 LAS-31 LAS-34 LAS-34
Mineral calcite dolomite calcite calcite dolomite
MgO 0.73 (0.19) 21.70 (0.31) 0.76 (0.16) 2.38 (2.95) 20.18 (0.52)
CaO 55.46 (0.49) 30.65 (0.28) 55.67 (0.35) 53.28 (3.13) 32.20 (0.32)
FeO 0.05 (0.03) 0.48 (0.11) 0.02 (0.02) 0.05 (0.03) 0.56 (0.41)
MnO 0.00 (0.01) 0.03 (0.01) 0.00 (0.01) 0.01 (0.01) 0.04 (0.02)
Sro 0.03 (0.01) 0.01 (0.02) 0.02 (0.02) 0.02 (0.01) 0.01 (0.01)
Sum 56.28 52.87 56.47 55.75 52.99
Ca pfu 0.981 (0.004) 0.500 (0.005) 0.981 (0.004) 0.942 (0.070) 0.530 (0.007)
Mg pfu 0.018 (0.004) 0.493 (0.005) 0.019 (0.004) 0.057 (0.070) 0.462 (0.010)
Fe pfu 7.210%(6.410%)  6.1.10% (1.5:10%) 1.910% (4.0.10% 6.6-10° (6.4-10 7.2.10% (5.3.10%)
Mn pfu ND 5.0.10% (1.9-10%) ND ND 5.0.10% (3.2:.10%%
Sr pfu ND 4.6:10% (1510 ND ND ND
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Appendix Il . (cont.)
Sample LAS-35 LAS-37 LAS-39 LAS-41 LAS-43
Mineral calcite dolomite calcite dolomite dolomite
MgO 0.68 (0.17) 19.65 (0.52) 0.47 (0.07) 19.86 (0.26) 21.20 (0.21)
CaO 55.79 (0.37) 32.45 (0.74) 55.27 (0.29) 32.52 (0.55) 30.56 (0.29)
FeO 0.02 (0.02) 0.64 (0.21) 0.03 (0.02) 0.32 (0.21) 1.13 (0.15)
MnO 0.01 (0.01) 0.02 (0.01) 0.01 (0.01) 0.02 (0.01) 0.03 (0.02)
Sro 0.02 (0.01) 0.01 (0.01) 0.02 (0.01) 0.01 (0.01) 0.00 (0.00)
Sum 56.52 52.77 55.80 52.72 52.92
Ca pfu 0.983 (0.004) 0.538 (0.013) 0.988 (0.002) 0.538 (0.007) 0.501 (0.004)
Mg pfu 0.017 (0.004) 0.453 (0.012) 0.012 (0.002) 0.457 (0.006) 0.484 (0.004)
Fe pfu 1.2.10% (3.410%)  8.3.10% (2.7.10%) 3.1.10™ (4.8.10%% 4.110% (2.7.10%) 1.5:10% (2.0.10%)
Mn pfu ND 3.4.10% (2.5:10% ND 2510 (2.6:10%)  4.210% (2.9-10%)
Sr pfu ND 3.4.10% (1.3-10%) ND 7.2.10% (1.8:10 ND
Sample LAS-45 LAS-45 LAS-46 LAS-50 LAS-50
Mineral calcite dolomite dolomite calcite dolomite
MgO 0.30 (0.11) 20.29 (0.90) 20.09 (0.24) 0.54 (0.22) 19.74 (0.38)
CaO 56.05 (0.35) 31.35 (0.86) 31.05 (0.22) 56.22 (0.28) 32.87 (0.73)
FeO 0.05 (0.03) 0.82 (0.35) 1.45 (0.18) 0.02 (0.02) 0.30 (0.28)
MnO 0.01 (0.02) 0.05 (0.03) 0.04 (0.02) 0.00 (0.01) 0.01 (0.01)
Sro 0.01 (0.02) 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
Sum 56.43 52.52 52.64 56.81 52.93
Ca pfu 0.992 (0.003) 0.520 (0.017) 0.516 (0.004) 0.987 (0.005) 0.543 (0.012)
Mg pfu 0.007 (0.003) 0.468 (0.017) 0.465 (0.004) 0.013 (0.005) 0.453 (0.009)
Fe pfu 8.6:10™ (6.4.10%)  1.1-10% (4.7-10%) 1.910%% (2.4.10%) 1.410% (3.6:10% 3.9-10% (3.6:10%)
Mn pfu 6.6:10% (2.6:10%)  6.7.10™ (5.2:10) 5.4.10* (3.0-10% ND 9.1.10% (2.0-10%
Sr pfu ND ND 3.410 (1.3-10% ND ND




0LT

Appendix Il . (cont.)
Sample LAS-51 LAS-53 LAS-54 LAS-55 LAS-56
Mineral dolomite dolomite dolomite dolomite dolomite
MgO 21.27 (0.28) 20.87 (0.42) 20.63 (0.65) 20.24 (0.24) 20.04 (0.18)
CaO 30.83(0.17) 30.58 (0.60) 30.46 (0.49) 30.05 (0.39) 30.03 (0.28)
FeO 0.65 (0.16) 0.72 (0.17) 1.00 (0.58) 1.71 (0.15) 2.31(0.23)
MnO 0.02 (0.01) 0.03 (0.02) 0.03 (0.02) 0.07 (0.02) 0.08 (0.02)
Sro 0.01 (0.01) 0.01 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 52.77 52.21 52.13 52.08 52.47
Ca pfu 0.506 (0.003) 0.508 (0.007) 0.503 (0.008) 0.504 (0.005) 0.502 (0.003)
Mg pfu 0.486 (0.004) 0.482 (0.008) 0.483 (0.013) 0.472 (0.005) 0.466 (0.004)
Fe pfu 8.310%(2.2.10%)  9.3.10% (2.2.10%) 1.4-10% (8.3.10%) 2.2:10%% (1.9-10%) 3.0-10%% (3.0-10%)
Mn pfu 2.8:10% (26107  4.1.10% (3.1.10%) 3.9-10% (3.0.10% 9.4.10% (3.9:10% 9.4.10™ (3.9:10%%
Sr pfu 6.3-10% (1.7.20%)  4.5.10% (1.5:10%) 7.0-10% (1.8:107 3.6:10% (1.4-10 3.6:10% (1.4-10%
Sample LAS-57 LBS-1 LBS-4 LBS-4 LBS-5
Mineral dolomite dolomite calcite dolomite dolomite
MgO 20.94 (0.54) 19.53 (0.33) 0.50 (0.15) 18.90 (0.66) 19.75 (0.67)
CaO 30.92 (0.48) 32.70 (0.44) 55.69 (0.29) 33.01 (0.20) 31.52 (0.64)
FeO 0.88 (0.92) 0.24 (0.15) 0.02 (0.02) 0.23 (0.25) 0.85 (0.57)
MnO 0.03 (0.03) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.03 (0.02)
Sro 0.01 (0.01) 0.01 (0.01) 0.02 (0.01) 0.00 (0.01) 0.01 (0.01)
Sum 52.79 52.49 56.23 52.15 52.16
Ca pfu 0.509 (0.005) 0.544 (0.007) 0.987 (0.004) 0.555 (0.008) 0.528 (0.011)
Mg pfu 0.479 (0.009) 0.452 (0.007) 0.012 (0.004) 0.442 (0.010) 0.460 (0.014)
Fe pfu 1.110%(1.210%)  3.2.10%(2.0.10%) 1.310% (3.5:10% 3.1:10% (3.4.10%) 1.1.10%(7.6:10%)
Mn pfu 4.4.10% (5.3-10%)  1.6.10% (2.4.10%) ND 1.010%(2.310%)  3510%(3.6:10%
Sr pfu 3.410% (1.3:10*)  6.3-10® (1.7-10™) 6.7-10% (2.6:10™ ND 6.3:10% (1.7.10™
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Appendix Il . (cont.)
Sample LBS-9 LBS-9 LBS-12 LBS-12 LBS-15
Mineral calcite dolomite calcite dolomite calcite
MgO 0.66 (0.21) 20.15 (0.67) 0.60 (0.10) 19.37 (0.64) 0.63 (0.09)
CaO 55.39 (0.36) 31.68 (0.85) 55.72 (0.30) 33.03 (0.65) 55.37 (0.36)
FeO 0.06 (0.02) 0.46 (0.26) 0.02 (0.02) 0.50 (0.16) 0.02 (0.02)
MnO 0.01 (0.01) 0.03 (0.01) 0.00 (0.01) 0.01 (0.01) 0.00 (0.01)
Sro 0.06 (0.06) 0.03 (0.04) 0.01 (0.01) 0.01 (0.01) 0.04 (0.05)
Sum 56.17 52.35 56.36 52.92 56.06
Ca pfu 0.983 (0.005) 0.527 (0.014) 0.985 (0.002) 0.547 (0.013) 0.984 (0.002)
Mg pfu 0.016 (0.005) 0.466 (0.014) 0.015 (0.003) 0.446 (0.012) 0.016 (0.002)
Fe pfu 8.0-10% (4.2.10%)  6.0.10% (3.4.10%) 1.9-10% (4.0.10% 6.5:10% (2.1.10%) 1.2:.10% (3.4-10%
Mn pfu ND 3.5:10% (2.4-10% ND 8.4-10% (2.1.10% ND
Sr pfu 5.0-10%(7.0.10%)  2.8:10% (4.1.10% ND 8.4-10% (2.1.10 3.1.10™ (4.8.10%)
Sample LBS-15 LCS-1 LCS-6 LCS-8 LCS-8
Mineral dolomite calcite calcite calcite dolomite
MgO 19.08 (0.41) 0.42 (0.04) 0.37 (0.09) 0.82 (0.70) 20.24 (0.80)
CaO 32.67 (0.72) 56.34 (0.19) 56.26 (0.29) 55.35 (1.10) 31.97 (1.03)
FeO 0.46 (0.37) 0.01 (0.01) 0.03 (0.02) 0.05 (0.02) 0.41 (0.21)
MnO 0.02 (0.01) 0.01 (0.01) 0.00 (0.01) 0.01 (0.01) 0.02 (0.01)
Sro 0.03 (0.03) 0.02 (0.01) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01)
Sum 52.25 56.80 56.69 56.24 52.64
Ca pfu 0.548 (0.011) 0.990 (0.001) 0.990 (0.002) 0.979 (0.017) 0.529 (0.018)
Mg pfu 0.445 (0.009) 0.010 (0.001) 0.009 (0.002) 0.020 (0.017) 0.466 (0.017)
Fe pfu 5.9-10% (4.8.10%) ND 3.8:10™ (5.0.10 7.9-10% (4.4.10 5.3-10% (2.8.10%)
Mn pfu 3.0.10* (2.6:10 ND ND ND 2.0.10% (2.5.10%
Sr pfu 2.510% (2.7.10% ND ND ND 3.310% (1.3-.10™
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Appendix Il . (cont.)
Sample LCS-11 LCS-12 LCS-13 LCS-15 LDS-1a
Mineral dolomite calcite calcite calcite calcite
MgO 19.81 (0.62) 0.39 (0.12) 0.41 (0.04) 0.47 (0.10) 0.49 (0.11)
CaO 32.98 (0.63) 56.23 (0.26) 55.95 (0.28) 55.60 (0.31) 56.13 (0.38)
FeO 0.11 (0.10) 0.01 (0.01) 0.03 (0.02) 0.08 (0.16) 0.02 (0.01)
MnO 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.00 (0.01)
Sro 0.00 (0.00) 0.01 (0.02) 0.01 (0.01) 0.02 (0.01) 0.01 (0.01)
Sum 52.92 56.66 56.41 56.18 56.66
Ca pfu 0.544 (0.012) 0.990 (0.003) 0.990 (0.001) 0.987 (0.002) 0.988 (0.003)
Mg pfu 0.455 (0.012) 0.010 (0.003) 0.010 (0.001) 0.012 (0.002) 0.012 (0.003)
Fe pfu 1.410% (1.4.10%) ND 3.3:10% (4.8.10% 1.2:10% (2.1.10%) ND
Mn pfu 9.1.10% (2.0.10%)  7.6:10% (2.7.10% ND ND ND
Sr pfu ND ND ND ND ND
Sample LDS-1a LDS-2 LDS-3 LDS-5 LDS-8
Mineral dolomite dolomite dolomite dolomite calcite
MgO 19.56 (0.76) 21.37 (0.33) 20.52 (0.52) 20.07 (0.65) 0.59 (0.07)
Ca0 32.72 (0.82) 30.98 (0.36) 31.47 (0.45) 32.03 (0.77) 56.18 (0.11)
FeO 0.59 (0.39) 0.30 (0.09) 0.59 (0.34) 0.74 (0.31) 0.01 (0.01)
MnO 0.03 (0.02) 0.01 (0.01) 0.03 (0.02) 0.03 (0.02) 0.01 (0.02)
Sro 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.02 (0.01)
Sum 52.91 52.67 52.63 52.87 56.81
Ca pfu 0.542 (0.015) 0.508 (0.005) 0.520 (0.008) 0.529 (0.013) 0.985 (0.002)
Mg pfu 0.450 (0.016) 0.488 (0.006) 0.472 (0.010) 0.461 (0.014) 0.014 (0.002)
Fe pfu 7.710% (5.0.10%)  3.8.10% (1.2.10%) 7.7-10% (4.4.10%) 9.5.10% (4.1.10%) ND
Mn pfu 3.310%(3.3.10%)  1.6:10™ (2.4.10) 4310 (2.6:10 3.3:10% (3.1-10% 1.210% (3.5.10%
Sr pfu ND 6.3:10% (1.7.10™ ND ND ND
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Appendix Il . (cont.)
Sample LDS-13 LDS-12 LDS-16 LDS-16 LDS-18
Mineral calcite dolomite calcite dolomite calcite
MgO 0.69 (0.10) 19.48 (0.49) 1.42 (0.13) 19.96 (0.53) 0.67 (0.08)
CaO 56.00 (0.22) 31.94 (0.66) 54.79 (0.67) 32.29 (0.92) 56.03 (0.12)
FeO 0.03 (0.01) 1.06 (0.54) 0.03 (0.02) 0.42 (0.35) 0.03 (0.01)
MnO 0.00 (0.01) 0.06 (0.04) 0.00 (0.00) 0.03 (0.02) 0.01 (0.01)
Sro 0.01 (0.01) 0.01 (0.01) 0.00 (0.01) 0.00 (0.01) 0.02 (0.01)
Sum 56.74 52.55 56.24 52.69 56.75
Ca pfu 0.983 (0.002) 0.533 (0.010) 0.965 (0.003) 0.534 (0.014) 0.983 (0.002)
Mg pfu 0.017 (0.003) 0.452 (0.008) 0.035 (0.003) 0.460 (0.012) 0.016 (0.002)
Fe pfu 5.310% (5.1.10%)  1.4.10% (7.2.10%) 3.3:10% (5.1.10% 5.4.10% (4.5.10%%) 3.0-10% (4.8:10%
Mn pfu ND 7.8:10% (4.7.10%% ND 4310 (3.3.10% ND
Sr pfu ND 3.410% (1.3-10) ND ND ND
Sample LDS-18 LES-1 LES-3 LES-4 LES-8
Mineral dolomite calcite dolomite dolomite calcite
MgO 18.86 (0.54) 0.55 (0.07) 19.62 (0.67) 20.11 (0.57) 0.55 (0.09)
Ca0 33.09 (0.84) 55.94 (0.29) 32.76 (0.71) 32.19 (0.49) 55.93 (0.28)
FeO 0.69 (0.30) 0.03 (0.02) 0.47 (0.26) 0.58 (0.28) 0.03 (0.02)
MnO 0.03 (0.02) 0.01 (0.01) 0.03 (0.01) 0.03 (0.02) 0.01 (0.01)
Sro 0.01 (0.01) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) 0.02 (0.01)
Sum 52.69 56.55 52.89 52.91 56.54
Ca pfu 0.552 (0.014) 0.986 (0.002) 0.542 (0.013) 0.531 (0.009) 0.986 (0.002)
Mg pfu 0.438 (0.011) 0.014 (0.002) 0.452 (0.014) 0.461 (0.011) 0.014 (0.002)
Fe pfu 9.1.10%(3.9.10%)  4.2.10% (5.1-10%) 6.1-10 (3.2.10%) 7.410% (3.7.10%)  4.6:10% (5.1-10%)
Mn pfu 4.0-10% (3.9-10%)  7.1.10% (2.7.10%) 3.2.10™ (2.5:10% 4.0-10™ (3.4-10% ND
Sr pfu 1.010% (2.1.10% ND 9.1.10 (2.0-10™ 3.410 (1.3-10™ ND
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Appendix Il . (cont.)
Sample LES-8 LES-11 LES-11 LES-13 LES-14
Mineral dolomite calcite dolomite dolomite dolomite
MgO 19.06 (0.53) 0.40 (0.07) 19.47 (0.46) 19.74 (0.40) 21.07 (0.27)
CaO 32.43 (1.10) 56.27 (0.26) 32.46 (0.82) 32.71 (0.55) 31.32 (0.26)
FeO 1.47 (0.60) 0.02 (0.02) 0.78 (0.63) 0.31 (0.22) 0.43 (0.09)
MnO 0.06 (0.06) 0.01 (0.01) 0.02 (0.02) 0.02 (0.02) 0.02 (0.01)
Sro 0.01 (0.01) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Sum 53.02 56.72 52.74 52.79 52.84
Ca pfu 0.539 (0.019) 0.990 (0.002) 0.539 (0.013) 0.541 (0.009) 0.514 (0.004)
Mg pfu 0.441 (0.011) 0.010 (0.002) 0.450 (0.009) 0.454 (0.008) 0.481 (0.005)
Fe pfu 1.9.10% (7.810%)  2.8.10% (4.6:10%) 1.0-10% (8.3.10%) 4.1-10% (2.9.10%) 5.4.10% (1.1.10%)
Mn pfu 7.9-10% (7.0-10%% ND 2.3:10% (3.3.10% 2.3:10% (2.6:10% 3.2.10% (2.5.10%
Sr pfu ND 7.1:10% (2.6:10%% 2.1:10% (1.0-10% 6.7-10% (1.8:10 ND
Sample LES-15 LES-15 LES-16a LES-16a LFS-1
Mineral calcite dolomite calcite dolomite dolomite
MgO 0.62 (0.31) 20.05 (0.59) 0.51 (0.19) 19.57 (0.36) 20.14 (0.76)
CaO 55.75 (0.51) 32.67 (0.58) 56.00 (0.29) 32.83(0.63) 32.21(0.88)
FeO 0.16 (0.32) 0.23 (0.28) 0.02 (0.02) 0.41 (0.16) 0.34 (0.28)
MnO 0.02 (0.01) 0.01 (0.02) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
Sro 0.01 (0.02) 0.01 (0.01) 0.02 (0.03) 0.01 (0.01) 0.00 (0.01)
Sum 56.56 52.97 56.56 52.84 52.71
Ca pfu 0.983 (0.010) 0.538 (0.011) 0.987 (0.005) 0.544 (0.010) 0.532 (0.015)
Mg pfu 0.015 (0.008) 0.459 (0.011) 0.013 (0.005) 0.451 (0.008) 0.463 (0.016)
Fe pfu 2.010% (4.410%)  3.0.10% (3.6:10%) 7.1:10% (2.7.10% 53107 (2.1.10%)  4.3.10% (3.6:10%)
Mn pfu 2.010% (4.410%  1.3.10% (2.3-10%) ND 2510 (2.8:10% 1.810% (2.5.10%
Sr pfu ND 6.3:10% (1.8:10 7.1:10% (2.7:10™ ND ND
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Appendix Il . (cont.)
Sample LFS-4 LFS-4
Mineral calcite dolomite
MgO 0.58 (0.09) 19.38 (0.28)
CaO 56.09 (0.20) 32.76 (0.57)
FeO 0.02 (0.01) 0.56 (0.38)
MnO 0.00 (0.01) 0.02 (0.02)
Sro 0.02 (0.01) 0.01 (0.01)
Sum 56.71 52.73
Ca pfu 0.986 (0.002) 0.544 (0.008)
Mg pfu 0.014 (0.002) 0.448 (0.005)
Fe pfu 7.0.10% (2.6:10%)  7.3.10% (5.1-10%)
Mn pfu 7.0.10% (2.6:10%)  3.2.10% (2.5:10%)
Sr pfu ND ND

Notes: ND not detected; NA not analyzed; standard deviation in parentheses
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Appendix I1l. LA-ICPMS trace element data.

Sample L-1A L-1C L-1D L-4A L-6B
calcite dolomite dolomite calcite dolomite
Mn (ppm) ND 344 (104) 268 (9) 11 (3) 251 (26)
Fe (ppm) ND 12326 (3911) 12026 (494) 255 (48) 10251 (753)
Sr (ppm) 164.9 (24.4) 51.8 (11.0) 23.6 (4.1) 208.7 (24.3) 22.3(1.8)
Cr (ppm) ND ND 2.02 (0.51) 4.57 (0.61) 2.11 (0.70)
Co (ppm) 1.84 (0.00) 0.21 (0.11) 0.25 (0.09) 0.27 (0.08) 0.70 (0.09)
Ni (ppm) ND ND 3.88 (0.00) 8.91 (4.37) 5.68 (2.73)
Cu (ppm) ND 0.440 (0.212) 0.300 (0.097) 0.290 (0.000) 1.350 (1.400)
Zn (ppm) ND 3.35 (1.96) 5.51 (0.82) 0.81 (0.15) 8.00 (1.05)
Ba (ppm) 0.660 (0.173) 1.460 (0.681) 0.900 (0.235) 0.830 (0.272) 0.680 (0.066)
Pb (ppm) 0.230 (0.031) 0.160 (0.094) 0.130 (0.063) 0.080 (0.019) 0.300 (0.069)
Mn pfu ND 5.8:10™ (1.8:10% 4.6:10* (1.7:10°) 1.7-10° (9.0-10°) 4.310* (4.6:10°)
Fe pfu ND 2.1-107 (6.6:107) 2.0-10 (8.6-10%) 3.9-10* (1.9-10%) 1.7102 (1.3-10%)
Sr pfu 1.9-10* (2.9-107) 5.5.10° (1.2:107) 2.5:10° (4.6:10) 2.4.10™ (3.0-10") 2.4.10° (2.0-10)
Cr pfu ND ND 3.6:10°(9.9:107) 3.5:10° (4.4-10°°) 3.3:10°(1.8:10)
Co pfu 43107 (1.1.10°) 8.2:10% (1.7:107) 3.9:107 (1.5:107) 3.8:107 (2.2:107) 1.1-10° (1.6-107)
Ni pfu ND ND 7.8:107 (2.2:10) 1.1-10” (1.0-10") 3.4.10° (5.5:10)
Cu pfu ND 41107 (4.1.107) 3.8:107 (2.1:107) 6.5-10% (1.7:107) 2.0:10° (2.2:10)
Zn pfu ND 4.810° (2.9:10) 7.9:10°(1.3:10) 1.2:10° (2.2.107) 1.2:10° (1.6-10)
Ba pfu 48107 (1.4-107) 1.0-10° (4.8:107) 6.1.107 (1.7-107) 6.4-107 (2.0-107) 41107 (1.7:107)
Pb pfu 9.6-10° (4.4-10%) 7.1:10° (4.3.10%) 6.1-10°® (3.0-10%) 3.9-10® (1.0-10°%) 1.0-107 (7.0-10%)
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Appendix I11. (cont.)

Sample L-7A L-7D L-7F L-7K 7T-4
calcite calcite dolomite calcite dolomite

Mn (ppm) 16 (8) 25 (4) 301 (41) 11 (4) 201 (115)

Fe (ppm) ND ND 12303 (1564) 287 (131) ND

Sr (ppm) 159.3 (26.7) 58.6 (11.7) 29.5 (2.7) 160.5 (9.4) 65.0 (17.9)

Cr (ppm) 2.17 (0.77) ND 2.94 (0.59) 4.64 (0.98) 3.42 (1.59)

Co (ppm) ND ND 0.40 (0.07) 0.40 (0.30) ND

Ni (ppm) ND ND ND 37.94 (23.61) ND

Cu (ppm) 1.760 (0.000) 0.420 (0.000) 0.530 (0.250) 0.440 (0.293) 1.030 (0.676)

Zn (ppm) 0.60 (0.11) 1.55 (0.84) 5.71 (0.75) 0.81 (0.34) 2.67 (0.88)

Ba (ppm) 1.030 (0.263) 0.420 (0.454) 1.020 (0.256) 0.880 (0.247) 1.120 (0.482)

Pb (ppm) 0.410 (0.051) 0.140 (0.040) 0.210 (0.048) 0.290 (0.145) 0.180 (0.089)

Mn pfu 2.9-10” (1.4-107) 4.5.10° (7.9:10°) 5.1.10™ (6.8:10) 1.9-10° (6.6:10°) 3.4.10* (2.1.10%

Fe pfu ND ND 2.1-102 (2.6:10%) 3.6:10* (3.1-10% ND

Sr pfu 1.8-10 (3.0-107) 6.7:10° (1.3-10") 3.1.10° (3.0:10) 1.8:10* (1.1-10") 6.9:10° (2.0-10®)

Cr pfu 2.6:10° (2.3-10) ND 2.0-10° (2.7-10) 8.0-10° (3.2.10°) 4.6:10° (3.9:10°)

Co pfu ND ND 6.2:107 (1.1-107) 47107 (5.2:107) ND

Ni pfu ND ND ND 6.4-10" (4.1:10") ND

Cu pfu 3.4.107(9.2:107) 8.3-10% (2.2:107) 6.8:107 (4.3:107) 6.9-107 (4.6:107) 1.3-10° (1.1-10)

Zn pfu 7.9-107 (3.4-107) 5.9:107 (1.2:10°) 8.2:10°(1.1.10) 1.1-10° (6.3:107) 3.8:10°(1.3-10)

Ba pfu 3.7:107 (4.0-107) 2.7:107 (3.3-107) 7.0.107 (1.7:107) 6.4-107 (1.8:107) 7.7:107 (3.5:107)

Pb pfu 1.2.107 (9.7-10%) 3.3-10% (3.6:10%) 9.5:10°® (2.2.10%) 1.4-107 (7.0-10) 6.1-10°® (5.3-10%)
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Appendix I11. (cont.)

Sample 7T-6 7T-7 7T-8 L-8l 8T-7
dolomite dolomite dolomite calcite dolomite

Mn (ppm) 466 (16) 431 (12) 153 (86) 7 (1) 229 (55)

Fe (ppm) 18380 (546) 19004 (931) 2715 (2098) ND 5360 (1254)

Sr (ppm) 30.2 (2.1) 26.3 (2.9) 57.5 (16.8) 160.1 (12.5) 32.3(6.7)

Cr (ppm) 4.93 (1.92) ND ND ND ND

Co (ppm) 1.68 (0.16) 1.84 (0.12) ND ND 0.17 (0.06)

Ni (ppm) 19.49 (13.03) 8.39 (0.96) ND ND ND

Cu (ppm) 0.370 (0.293) 0.210 (0.028) 2.080 (3.118) ND 0.500 (0.266)

Zn (ppm) 14.04 (1.82) 10.51 (1.13) 2.09 (2.17) 1.95 (0.28) 4.20 (0.73)

Ba (ppm) 1.270 (0.611) 0.750 (0.125) 0.740 (0.609) 1.110 (0.448) 0.940 (0.351)

Pb (ppm) 0.550 (0.212) 0.230 (0.062) 0.130 (0.062) 0.280 (0.056) 0.410 (0.379)

Mn pfu 8.1.10™ (3.0:10°) 7.4.10* (2.1.10°) 2.6:10 (1.6:10% 4.6:10° (6.2-10°°) 3.8:10(9.6:10)

Fe pfu 3.1-107 (9.7-10% 3.2:10° (1.6:107) 4.6:10°(3.7:10%) ND 8.8:10° (2.2:10%)

Sr pfu 3.3.10° (2.4-10°) 2.8:10°(3.3-10°) 5.4.10° (2.8:10) 1.8:10 (1.5:10") 3.4.10° (7.4-10)

Cr pfu 4.510° (5.6:10) ND ND ND ND

Co pfu 2.7-10° (2.7-107) 2.9:10°(1.9-107) ND ND 1.7-107 (1.6-107)

Ni pfu 3.2:10° (2.3:10°) 3.4.10° (6.3-10°) ND ND ND

Cu pfu 5.6:107 (4.7-107) 1.5:107 (1.7:107) 1.5-10° (3.8-10) ND 5.4.107 (4.9-107)

Zn pfu 2.0-10” (2.9-10) 1.5:10 (1.7:10°) 3.0:10°(3.3:10) 2.2.10° (1.4-10°) 5.9:10° (1.1:10)

Ba pfu 8.8:107 (4.6:107) 5.2:107 (9.1.10%) 5.1.107 (4.4-107) 7.1:107 (4.2.107) 6.3:107 (2.5:107)

Pb pfu 2.5:107 (1.1-107) 1.1-107 (3.0-10%) 6.0-10® (3.0-10%) 1.2:107 (5.2:10°%) 1.8:107 (1.8:107)
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Appendix I11. (cont.)

Sample 8T-14 L-11C L-11G L-12B L-12H
dolomite dolomite dolomite dolomite dolomite

Mn (ppm) 79 (12) 180 (32) 245 (16) 66 (36) 80 (33)

Fe (ppm) 2041 (417) 5497 (958) ND 1986 (1084) 1626 (687)

Sr (ppm) 23.4 (4.1) 23.4 (4.8) 24.7 (2.5) 63.1 (8.3) 44.4 (10.0)

Cr (ppm) ND 2.96 (0.74) 6.12 (1.48) 4.81 (0.00) ND

Co (ppm) 0.14 (0.03) 0.42 (0.13) 1.05 (0.23) 0.10 (0.02) 0.26 (0.33)

Ni (ppm) ND 15.33 (5.45) 6.70 (2.02) ND 5.14 (1.81)

Cu (ppm) 0.580 (0.307) 0.220 (0.094) ND 0.430 (0.323) 1.230 (1.568)

Zn (ppm) 3.27 (1.28) 7.03 (1.17) 8.25 (0.87) 1.98 (0.53) 3.28 (2.00)

Ba (ppm) 0.740 (0.226) 1.010 (0.186) 0.960 (0.131) 1.900 (1.266) 2.460 (1.475)

Pb (ppm) 0.190 (0.099) 0.350 (0.388) 0.160 (0.096) 0.150 (0.046) 0.360 (0.268)

Mn pfu 1.3-10* (2.0-107) 3.0:10™ (5.7:10") 4.2:10* (3.0:10°) 1.1-10* (6.4-10") 1.4-10* (6.4-107)

Fe pfu 3.2:10°(6.2:10% 9.1.10° (1.7.107) ND 3.3.10° (1.9:107) 2.7-10° (1.3-10%)

Sr pfu 2.3-10° (3.1-10°) 2.5:10° (5.4-10°) 2.3:10°(9.8:10) 6.7-10° (9.2:10°) 4.810° (1.2:10°)

Cr pfu ND 2.6:10°(3.0.10°) 1.1-10° (2.8-10) 1.1-10° (3.1.10°) ND

Co pfu 6.0-10° (1.0-107) 6.6:107 (2.2:107) 1.6-10°(3.8-107) 1.3-107 (6.0-10%) 2.9:107 (5.0-107)

Ni pfu ND 2.1.10° (1.2:10) 9.4.10° (5.0-10) ND 2.3-10° (4.3-10)

Cu pfu 7.2:107 (5.2:107) 3.3:107 (1.5:107) ND 4.0-107 (5.1.107) 1.6-10° (2.4-10°)

Zn pfu 4.6:10° (1.8:10) 1.0-10 (1.8:10°) 1.2:10° (1.3-10) 2.8:10° (8.1.107) 4.7-10° (3.1.10°)

Ba pfu 5.0-107 (1.6:107) 6.9:107 (1.3-107) 6.6:107 (9.6:10°%) 1.3-10° (9.1.107) 1.7-10° (1.1-10)

Pb pfu 8.4-10°® (4.5-10°%) 1.6-107 (1.8:107) 7.3-10°® (4.6-10°) 6.7-10° (2.2.10%) 1.6:107 (1.3-107)
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Appendix I11. (cont.)

Sample L-13B L-13E L-13F LAS-5 LAS-17
dolomite dolomite dolomite dolomite calcite
Mn (ppm) 128 (13) 283 (74) 245 (89) 122 (11) 8 (5)
Fe (ppm) 2687 (206) 4749 (1512) ND 3196 (230) 145 (14)
Sr (ppm) 20.6 (2.9) 54.7 (14.1) 39.8 (6.8) 24.6 (3.5) 127.5 (32.2)
Cr (ppm) 5.69 (2.39) 5.60 (0.00) ND ND 2.83 (0.14)
Co (ppm) 0.61 (0.26) 0.12 (0.02) 0.85 (0.28) 0.15 (0.02) 0.17 (0.05)
Ni (ppm) 10.07 (5.58) 2.65 (0.00) ND ND 13.65 (9.32)
Cu (ppm) 0.370 (0.057) 0.640 (0.320) 0.580 (0.127) 0.470 (0.203) 0.220 (0.077)
Zn (ppm) 2.77 (0.36) 2.11 (0.37) 5.13 (1.40) 4.63 (0.94) 0.81 (0.22)
Ba (ppm) 1.180 (0.361) 1.930 (0.726) 1.370 (0.414) 1.080 (0.394) 1.260 (0.298)
Pb (ppm) 0.250 (0.066) 0.540 (0.357) 0.160 (0.036) 0.140 (0.039) 0.200 (0.056)
Mn pfu 2.2:10* (2.4-107) 4.810* (1.3:10% 4.2:10* (1.6:10% 2.1:10™ (1.9-10) 1.2:10° (1.1-10%)
Fe pfu 4510°(3.6-10%) 8.0-10% (2.7:10%) ND 5.3-10° (4.0.10%) 6.4.10° (1.2:10%
Sr pfu 1.9-10° (8.4-10°%) 5.8:10° (1.6:107) 3.2:10° (2.1:10°) 2.6-10° (4.0-10°) 1.4-10* (3.8107)
Cr pfu 6.4-10° (6.4-10) 1.4-10°(3.8:10°) ND ND 1.3-10° (2.5-10)
Co pfu 9.5.107 (4.3-107) 1.4-107 (1.0-107) 5.0-107 (7.5:107) 1.7-107 (1.1-107) 1.8:107 (1.6-107)
Ni pfu 1.6-10° (9.4-10°%) 6.0-107 (1.6:10°) ND ND 2.3-10” (1.7-107)
Cu pfu 5.4-107 (8.9:10%) 1.0-10° (5.0.107) 2.2.107 (4.1.107) 5.1:107 (4.2:107) 2.6:107 (1.9:107)
Zn pfu 4.0-10° (5.5:107) 3.0:10°(6.1.107) 7.5.10° (2.2:10) 6.6-10° (1.4-10°) 1.2.10° (3.4-107)
Ba pfu 8.0:107 (2.6:107) 1.4-10° (5.3-107) 9.5.107 (3.0:107) 7.3-107 (2.8:107) 7.9:107 (3.8:107)
Pb pfu 1.1.107 (3.1.10%) 2.6:107 (1.8:107) 7.5:10°® (1.8:10%) 6.1-10° (1.8:10%) 9.4.10°® (2.8:10)




187

Appendix I11. (cont.)

Sample LAS-26 LAS-34 LAS-35 LAS-41 LAS-46
calcite dolomite calcite dolomite dolomite
Mn (ppm) 20 (9) 95 (39) 13 (8) 86 (18) 329 (17)
Fe (ppm) ND 1388 (877) 252 (126) 1650 (431) 12122 (891)
Sr (ppm) 196.6 (47.2) 70.5 (7.8) 183.8 (13.6) 49.9 (5.3) 245 (2.1)
Cr (ppm) ND ND 3.64 (0.44) ND 3.79 (0.00)
Co (ppm) ND ND ND 0.29 (0.00) ND
Ni (ppm) ND ND ND ND 3.99 (0.00)
Cu (ppm) ND ND ND 0.140 (0.000) 0.710 (0.263)
Zn (ppm) 1.90 (0.42) ND ND 1.84 (0.40) 16.99 (0.73)
Ba (ppm) 0.990 (0.263) 0.700 (0.149) 1.060 (0.350) 0.890 (0.343) 1.140 (0.465)
Pb (ppm) 0.440 (0.086) ND ND 0.090 (0.032) 0.150 (0.054)
Mn pfu 2.0-10” (2.3-107) 1.6:10* (6.7:10™) 2.3:10° (1.6:10°) 1.5:10* (3.1:10") 5.6:10 (3.0:10)
Fe pfu ND 2.3.10%(1.5.10%) 3.8:10 (2.8:10% 2.7-10%(7.3-10% 2.0-10” (1.5:10%)
Sr pfu 2.2:10* (5.7-107) 7.5.10° (8.4-10°) 2.1.10* (1.6:10°) 5.3-10° (5.8:10°) 2.6:10° (2.4-10)
Cr pfu ND ND 2.0-10° (3.4-10) ND 8.5:107 (2.4-10)
Co pfu ND ND ND 5.7.10% (1.6:107) ND
Ni pfu ND ND ND ND 7.9-107 (2.2.10)
Cu pfu ND ND ND 2.6:10%(7.0.10%) 2.6:107 (5.2:107)
Zn pfu 5.0-107 (1.3:10) ND ND 2.6:10° (5.8:107) 2.4.10° (1.1:10)
Ba pfu 7.2:107 (2.0-107) 47107 (1.0-107) 7.4.107 (2.8:107) 6.0-107 (2.4-107) 7.7:107 (3.3:107)
Pb pfu 2.1-107 (4.4-10) ND ND 4.310°® (1.5-10°%) 6.9-10° (2.5-10%)
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Appendix I11. (cont.)

Sample LAS-51 LCS-1 LCS-8 LCS-11 LCS-15
dolomite calcite dolomite dolomite calcite

Mn (ppm) 219 (11) 12 (1) 403 (211) 72 (22) 20 (7)

Fe (ppm) 5657 (275) 442 (0) 12454 (10286) ND ND

Sr (ppm) 25.4 (4.0) 150.8 (29.2) 39.0 (14.3) 64.5 (6.6) 152.2 (13.9)

Cr (ppm) ND ND ND ND 12.68 (0.00)

Co (ppm) 0.34 (0.07) 1.61 (0.39) 0.29 (0.05) 0.38 (0.00) ND

Ni (ppm) ND ND ND 4.02 (0.66) ND

Cu (ppm) 0.360 (0.189) ND 0.360 (0.174) ND 1.040 (0.000)

Zn (ppm) 5.04 (1.02) ND 2.88 (0.53) 1.35 (0.47) 0.85 (0.14)

Ba (ppm) 0.710 (0.447) 0.490 (0.180) 1.280 (1.290) 2.030 (0.858) 1.010 (0.343)

Pb (ppm) 0.230 (0.060) 0.060 (0.000) 0.200 (0.097) 0.150 (0.133) 0.230 (0.072)

Mn pfu 3.7:10* (2.0-10°) 7.8:10°(1.1.10°) 6.9:10* (3.7:10% 1.2:10* (3.9-10") 3.6:10° (1.4-10°)

Fe pfu 9.3-10° (4.8:10% 9.7-10° (2.8:10% 2.2:10” (1.8:10) ND ND

Sr pfu 2.7-10” (4.5-10) 1.7-10* (3.5:10") 3.7:10° (1.4-10°) 6.8:10° (7.4-10°) 1.7-10* (1.7-107)

Cr pfu ND ND ND ND 3.5:10°(9.2:10°)

Co pfu 5.2:107 (1.1:107) 1.7-10° (1.5:10°) 2.5:107 (2.4-107) 7.2:10%(2.0.107) ND

Ni pfu ND ND ND 1.6-10° (3.0-10°) ND

Cu pfu 3.9:107 (3.5:107) ND 3.7:107 (3.4-107) ND 2.3:107 (6.2:107)

Zn pfu 7.1:10° (1.5:10°) ND 4.0-10° (8.3:107) 1.9-10° (7.0-107) 7.4.107 (7.2:107)

Ba pfu 4.7107 (3.2:107) 3.5:107 (1.4-107) 8.6:107 (9.3:107) 1.4-10° (6.1:107) 7.0.107 (2.7:107)

Pb pfu 1.0-107 (2.8:10%) 6.9-10° (1.3.10%) 9.0-10® (4.7-10®) 6.7-10° (6.3-10%) 1.1.107 (3.7-10%)
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Appendix Il1. (cont.)

Sample LES-3 LES-11 LES-14
dolomite calcite dolomite

Mn (ppm) 155 (23) 24 (17) 162 (51)

Fe (ppm) 3269 (760) ND 3883 (788)

Sr (ppm) 75.7 (12.2) 163.1 (26.7) 35.4 (5.0)

Cr (ppm) ND ND ND

Co (ppm) 0.21 (0.07) ND 0.20 (0.06)

Ni (ppm) ND ND ND

Cu (ppm) 0.920 (0.490) 0.730 (0.206) 0.660 (0.439)

Zn (ppm) 3.08 (0.81) 0.48 (0.00) 3.58 (1.42)

Ba (ppm) 1.590 (0.476) 0.750 (0.222) 1.000 (0.316)

Pb (ppm) 0.260 (0.042) 0.220 (0.078) 0.240 (0.109)

Mn pfu 2.7:10" (4.1-10°) 3.8:10° (3.5-10) 2.7:10 (9.0-10)

Fe pfu 5.6-10° (1.3-107) ND 6.4-10° (1.4-107)

Sr pfu 8.0-10° (1.4-10) 1.8:10* (3.2:107) 3.7:10° (5.5:10°)

Cr pfu ND ND ND

Co pfu 2.7-107 (1.5:107) ND 3.0.107 (9.3-10)

Ni pfu ND ND ND

Cu pfu 7.7-107 (8.9:107) 5.7-107 (6.5-10°) 9.6-107 (6.7:107)

Zn pfu 4.4-10° (1.2-10°°) 9.0-10® (2.6-10) 5.0-10° (2.1-10)

Ba pfu 1.1.10°(3.3-107) 5.4.107 (1.7-10°7) 6.7:107 (2.2:107)

Pb pfu 1.2:107 (1.9:10) 3.9-10° (5.9:10°®) 1.0107 (5.1:10)

Notes: ND not detected; standard deviation in parentheses
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Appendix IV. Oxygen and carbon isotopes.

8" 0o
13 18 0
Location Sample Location Mineral (%oSVPCDB) I(I;/Z’ji‘/léii SWC)) 5(1/;):) :;S}LV[AOdX: T (°C)
(%0 VSMOW)

Location 1 L-1A calcite 2.0 26.3 30.6 35.5
Location 1 L-1B dolomite 2.1 25.5 25.5 61.7
Location 1 L-1C dolomite 2.4 23.7 23.7 72.6
Location 1 L-1D dolomite 34 25.8 25.8 60.3
Location 1 L-1E calcite 1.8 23.8 27.7 49.5
Location 1 L-1G calcite 2.2 24.7 28.7 44.5
Location 1 L-1H calcite 2.2 25.4 29.5 40.3
Location 1 L-11 dolomite 3.5 24.7 24.7 66.8
Location 1 L-1J dolomite 2.2 26.3 26.3 57.2
Location 1 L-1K dolomite 2.5 27.1 27.1 52.6
Location 1 L-1L dolomite 2.2 25.9 25.9 59.7
Location 4 L-4A calcite 2.0 26.1 30.3 36.6
Location 4 L-4B calcite 1.9 26.6 30.9 34.1
Location 4 L-4C calcite 1.8 26.1 30.3 36.8
Location 4 L-4D calcite 2.2 27.5 32.0 290.1
Location 6 L-6A dolomite 2.4 27.0 27.0 53.7
Location 6 L-6B dolomite 4.2 26.3 26.3 57.0
Location 6 L-6C dolomite 2.6 26.6 26.6 55.8
Location 6 L-6D dolomite 2.6 26.5 26.5 56.0
Location 7 L-7A calcite 2.1 25.5 29.7 39.5
Location 7 L-7B calcite 2.1 25.9 30.1 37.6
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Appendix V. (cont.)

8" 0o
) ) ) §13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Location 7 L-7C dolomite 2.2 26.5 26.5 56.1
Location 7 L-7E dolomite 2.3 27.3 27.3 52.1
Location 7 L-7F dolomite 3.0 24.1 24.1 70.5
Location 7 L-7G dolomite 2.0 27.1 27.1 53.1
Location 7 L-7H dolomite 2.1 243 243 68.9
Location 7 L-71 dolomite 2.3 27.0 27.0 53.6
Location 7 L-7] calcite 2.0 26.0 30.2 37.1
Location 7 L-7K calcite 2.1 25.3 294 41.1
Location 7 L-7L dolomite 2.5 27.2 27.2 52.3
Location 7 L-"M calcite 2.1 26.1 30.4 36.4
Location 7 L-7N calcite 2.1 25.9 30.1 37.8
Location 7 L-70 calcite 2.1 24.6 28.6 44.7
Location 7 L-7P calcite 2.2 25.5 29.7 39.8
Location 7 7T-1 dolomite 2.5 26.3 26.3 57.5
Location 7 7T-2 dolomite 2.4 26.3 26.3 57.1
Location 7 7T-3 dolomite 2.2 26.1 26.1 58.2
Location 7 7T-4 dolomite 2.2 26.4 26.4 56.8
Location 7 7T-5 dolomite 4.5 24.7 24.7 66.5
Location 7 7T-6 dolomite 43 23.1 23.1 76.9
Location 7 7T-7 dolomite 4.3 22.7 22.7 79.2
Location 7 7T-8 dolomite 2.3 27.2 27.2 52.3
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Appendix V. (cont.)

8" 0o
) ) ) §13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Location 7 7T-9 dolomite 2.2 27.1 27.1 52.9
Location 7 7T-10 dolomite 2.0 26.1 26.1 58.2
Location 7 7T-11 dolomite 2.0 26.4 26.4 56.8
Location 7 7T-12 dolomite 3.0 24.9 24.9 65.2
Location 7 7T-13 dolomite 3.8 23.8 23.8 72.2
Location 7 7T-14 dolomite 2.1 26.0 26.0 59.0
Location 7 7T-15 dolomite 2.4 25.7 25.7 60.6
Location 7 7T-16 dolomite 2.3 26.9 26.9 53.8
Location 8 L-8A calcite 2.4 25.6 29.7 39.5
Location 8 L-8B calcite 2.2 25.1 29.2 42.2
Location 8 L-8C dolomite 2.6 27.1 27.1 53.0
Location 8 L-8D dolomite 2.4 25.9 25.9 59.4
Location 8 L-8E calcite 2.2 25.7 29.9 38.7
Location 8 L-8F calcite 2.1 25.9 30.1 37.7
Location 8 L-8G dolomite 2.4 27.3 27.3 51.8
Location 8 L-8H calcite 2.4 25.5 29.6 39.9
Location 8 L-8I calcite 2.2 25.1 29.2 419
Location 8 L-8J calcite 2.2 28.0 32.5 27.0
Location 8 L-8K dolomite 2.5 27.0 27.0 53.7
Location 8 L-8L calcite 2.4 25.7 29.9 38.6
Location 8 L-8M calcite 2.0 26.0 30.2 37.0
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Appendix V. (cont.)

8" 0o
) ) ) §13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Location 8 L-8N calcite 2.2 25.5 29.6 40.0
Location 8 L-80 dolomite 2.5 23.6 23.6 73.2
Location 8 L-8P calcite 2.1 25.5 29.7 39.6
Location 8 L-8Q dolomite 2.6 26.7 26.7 54.8
Location 8 8T-1 calcite 2.1 25.5 29.7 39.7
Location 8 8T-1 dolomite 2.5 27.3 27.3 52.0
Location 8 8T-10 dolomite 2.4 25.9 25.9 59.5
Location 8 8T-11 dolomite 2.5 26.6 26.6 55.5
Location 8 8T-12 dolomite 2.7 25.6 25.6 61.1
Location 8 8T-13 dolomite 2.8 25.8 25.8 59.8
Location 8 8T-14 dolomite 2.2 23.1 23.1 76.8
Location 8 8T-2 dolomite 2.7 27.2 27.2 52.5
Location 8 8T-3 dolomite 2.5 26.8 26.8 544
Location 8 8T-4 dolomite 2.6 26.2 26.2 58.1
Location 8 8T-5 dolomite 2.3 26.4 26.4 56.8
Location 8 8T-6 dolomite 2.4 26.8 26.8 54.3
Location 8 8T-7 dolomite 2.5 23.0 23.0 77.4
Location 8 8T-8 dolomite 2.4 25.8 25.8 60.0
Location 8 8T-9 dolomite 2.3 234 234 74.5
Location 9 L-9A calcite 2.6 26.3 30.6 354
Location 9 L-9B calcite 2.6 25.7 29.8 39.0
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Appendix V. (cont.)

8" 0ol
) ) ) §13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Location 9 L-9C calcite 2.0 27.5 32.0 29.2
Location 9 L-9D calcite 2.6 26.2 304 36.1
Location 9 L-9E calcite 2.6 25.1 29.2 42.0
Location 9 L-9F calcite 2.2 26.8 31.1 32.9
Location 11 L-11A calcite 3.9 26.3 30.5 35.6
Location 11 L-11B dolomite 3.1 24.1 24.1 70.1
Location 11 L-11C dolomite 4.0 23.9 23.9 71.4
Location 11 L-11D calcite 3.0 24.9 29.0 43.2
Location 11 L-11E dolomite 3.1 26.4 26.4 56.9
Location 11 L-11F calcite 33 26.2 30.4 36.0
Location 11 L-11G dolomite 4.0 24.9 24.9 65.5
Location 11 L-11H calcite 3.8 253 29.4 40.8
Location 12 L-12A dolomite 2.4 254 254 62.5
Location 12 L-12B dolomite 2.3 26.6 26.6 55.5
Location 12 L-12C dolomite 2.2 25.8 25.8 59.9
Location 12 L-12D calcite 1.9 26.2 30.5 35.8
Location 12 L-12E dolomite 2.1 25.9 25.9 59.6
Location 12 L-12F calcite 2.0 25.3 29.4 41.0
Location 12 L-12G calcite 1.6 24.0 27.9 48.6
Location 12 L-12H dolomite 2.2 25.6 25.6 61.1

Location 12 L-121 calcite 2.0 26.1 304 36.5




681

Appendix V. (cont.)

8" 0o
13 18 0
Location Sample Location Mineral (%oSVPCDB) I(I;/Z’ji‘;éii SWC)) 5(1/;):) :;S}LV[AOdX: T (°C)
(%0 VSMOW)

Location 12 L-12] calcite 2.0 25.2 29.3 41.7
Location 13 L-13A dolomite 2.5 24.6 24.6 67.1
Location 13 L-13B dolomite 2.9 22.2 22.2 83.1
Location 13 L-13C dolomite 2.3 23.1 23.1 77.0
Location 13 L-13D dolomite 3.7 23.8 23.8 72.4
Location 13 L-13E dolomite 2.4 25.8 25.8 60.3
Location 13 L-13F dolomite 3.6 23.2 23.2 76.1
Traverse A LAS-57 dolomite 4.2 254 254 62.5
Traverse A LAS-56 dolomite 4.6 25.3 25.3 63.0
Traverse A LAS-55 dolomite 4.2 23.6 23.6 73.4
Traverse A LAS-54 dolomite 3.8 22.7 22.7 79.5
Traverse A LAS-53 dolomite 3.1 23.3 23.3 75.6
Traverse A LAS-52 calcite 3.0 25.2 25.2 63.8
Traverse A LAS-51 dolomite 2.6 23.2 23.2 75.8
Traverse A LAS-50 calcite 2.7 27.0 314 31.6
Traverse A LAS-49 dolomite 2.4 23.6 23.6 73.6
Traverse A LAS-48 dolomite 2.8 23.7 23.7 72.7
Traverse A LAS-47 dolomite 2.5 25.1 25.1 64.2
Traverse A LAS-46 dolomite 4.3 22.6 22.6 80.2
Traverse A LAS-45 dolomite 34 22.6 22.6 80.4
Traverse A LAS-44 calcite 3.8 25.6 29.7 39.5
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Appendix V. (cont.)

8" 0o
13 18 0,
Location Sample Location Mineral (%oSVPCDB) I(I;/Z’ji‘/léii SWC)) 5(1/;):) :;S}LV[AOdX: T (°C)
(%0 VSMOW)

Traverse A LAS-42 calcite 2.8 27.6 32.1 28.7
Traverse A LAS-43 dolomite 4.1 24.1 24.1 70.6
Traverse A LAS-41 dolomite 2.8 25.6 25.6 61.0
Traverse A LAS-40 calcite 34 26.2 30.4 36.1
Traverse A LAS-1 calcite 4.0 26.1 30.3 36.8
Traverse A LAS-2 calcite 3.5 26.3 30.6 353
Traverse A LAS-3 calcite 2.8 27.3 31.7 30.3
Traverse A LAS-4 calcite 2.7 28.1 32.6 26.5
Traverse A LAS-5 dolomite 2.4 21.8 21.8 86.0
Traverse A LAS-6 calcite 2.5 27.3 31.7 30.5
Traverse A LAS-7 calcite 2.5 25.7 29.9 38.7
Traverse A LAS-8 dolomite 2.7 26.1 26.1 58.3
Traverse A LAS-9 dolomite 2.3 22.5 22.5 80.7
Traverse A LAS-10 dolomite 2.7 25.6 25.6 61.3
Traverse A LAS-11 calcite 2.4 26.3 30.6 355
Traverse A LAS-12 dolomite 2.4 25.9 25.9 59.4
Traverse A LAS-13 calcite 2.4 26.1 30.4 36.4
Traverse A LAS-14 calcite 2.8 25.4 29.5 40.5
Traverse A LAS-15 dolomite 3.1 25.1 25.1 63.9
Traverse A LAS-16 calcite 2.6 26.8 31.1 33.0
Traverse A LAS-17 calcite 2.3 26.8 31.2 32.7
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Appendix V. (cont.)

8" 0o
13 18 0,
Location Sample Location Mineral (%oSVPCDB) I(I;/Z’ji‘/léii SWC)) 5(1/;):) :;S}LV[AOdX: T (°C)
(%0 VSMOW)

Traverse A LAS-18 calcite 2.3 27.4 31.8 29.8
Traverse A LAS-19 calcite 2.4 26.1 30.3 36.7
Traverse A LAS-20 calcite 2.5 24.0 27.9 48.3
Traverse A LAS-21 dolomite 2.7 26.4 26.4 56.9
Traverse A LAS-22 calcite 2.3 25.0 29.0 42.8
Traverse A LAS-23 dolomite 2.3 26.7 26.7 55.2
Traverse A LAS-24 dolomite 2.5 26.1 26.1 58.2
Traverse A LAS-25 dolomite 2.5 25.8 25.8 59.9
Traverse A LAS-26 calcite 2.0 24.6 28.6 45.2
Traverse A LAS-27 dolomite 2.3 239 239 71.4
Traverse A LAS-28 calcite 2.3 25.1 29.1 42.3
Traverse A LAS-29 dolomite 2.5 26.7 26.7 55.0
Traverse A LAS-30 calcite 2.0 27.4 31.8 30.0
Traverse A LAS-31 calcite 2.1 27.3 31.7 30.5
Traverse A LAS-32 calcite 2.0 26.9 31.3 324
Traverse A LAS-34 dolomite 2.2 27.3 27.3 51.6
Traverse A LAS-33 calcite 1.9 27.0 314 31.6
Traverse A LAS-35 calcite 2.0 28.5 33.0 24.7
Traverse A LAS-36 calcite 1.9 28.3 32.8 25.5
Traverse A LAS-37 dolomite 2.6 25.9 25.9 59.5
Traverse A LAS-38 calcite 1.9 25.6 29.8 39.0
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Appendix V. (cont.)

8" 0o
) ) ) s13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Traverse A LAS-39 calcite 2.0 25.9 30.2 37.4
Traverse B LBS-1 dolomite 2.9 24.7 24.7 66.9
Traverse B LBS-2 dolomite 2.4 24.8 24.8 65.9
Traverse B LBS-3 calcite 2.6 27.1 31.5 31.2
Traverse B LBS-4 calcite 2.3 26.9 31.2 32.6
Traverse B LBS-5 dolomite 2.9 26.2 26.2 57.7
Traverse B LBS-6 calcite 2.3 27.5 31.9 29.5
Traverse B LBS-7 calcite 2.4 26.9 31.2 32.6
Traverse B LBS-8 calcite 2.5 27.0 31.3 32.0
Traverse B LBS-9 dolomite 2.6 25.2 25.2 63.9
Traverse B LBS-10 calcite 2.8 26.9 31.2 32.6
Traverse B LBS-11 calcite 2.4 26.5 30.7 34.7
Traverse B LBS-12 calcite 1.1 23.4 27.2 52.3
Traverse B LBS-13 calcite 2.2 26.3 30.6 35.5
Traverse B LBS-14 calcite 1.9 26.1 30.3 36.5
Traverse B LBS-15 calcite 2.1 25.6 29.8 39.1
Traverse C LCS-1 calcite 1.8 26.5 30.8 34.6
Traverse C LCS-2 calcite 2.3 25.0 29.1 42.6
Traverse C LCS-3 calcite 2.3 25.1 29.1 42.2
Traverse C LCS-4 calcite 2.1 26.3 30.6 352
Traverse C LCS-5 calcite 2.4 25.0 29.1 42.6
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Appendix V. (cont.)

8" 0o
) ) ) s13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Traverse C LCS-6 calcite 2.6 24.5 28.5 45.5
Traverse C LCS-7 calcite 2.4 25.2 29.3 41.4
Traverse C LCS-8 dolomite 2.5 26.3 26.3 57.0
Traverse C LCS-9 calcite 2.2 26.0 30.2 37.0
Traverse C LCS-10 dolomite 2.6 26.5 26.5 56.4
Traverse C LCS-11 dolomite 2.4 27.2 27.2 52.2
Traverse C LCS-13 calcite 2.9 26.0 30.2 37.1
Traverse C LCS-14 calcite 2.2 25.5 29.6 39.8
Traverse C LCS-15 calcite 2.0 26.7 31.0 33.3
Traverse D LDS-1a calcite 2.1 27.3 31.7 30.5
Traverse D LDS-1b calcite 2.1 26.5 30.7 34.7
Traverse D LDS-2 dolomite 34 25.0 25.0 65.0
Traverse D LDS-3 dolomite 2.5 24.0 24.0 70.9
Traverse D LDS-4 calcite 2.1 26.1 30.4 36.5
Traverse D LDS-5 dolomite 2.3 25.0 25.0 65.1
Traverse D LDS-6 calcite 2.4 26.9 31.2 324
Traverse D LDS-7 calcite 2.5 28.0 32.6 26.6
Traverse D LDS-8 calcite 2.5 25.7 29.9 38.6
Traverse D LDS-9a calcite 2.1 26.6 31.0 33.7
Traverse D LDS-9b calcite 2.3 25.5 29.6 40.1
Traverse D LDS-10 calcite 2.2 26.0 30.2 37.3
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Appendix V. (cont.)

8" 0o
) ) ) s13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)

Traverse D LDS-11 dolomite 2.5 25.7 25.7 60.8
Traverse D LDS-13 calcite 2.4 259 30.1 37.7
Traverse D LDS-12 dolomite 2.5 27.1 27.1 53.0
Traverse D LDS-14 dolomite 2.2 26.4 26.4 57.0
Traverse D LDS-15 calcite 2.2 25.2 29.4 41.2
Traverse D LDS-16 dolomite 2.6 25.8 25.8 60.3
Traverse D LDS-17 calcite 2.0 24.6 28.6 44.9
Traverse D LDS-18 calcite 1.9 25.6 29.8 39.2
Traverse E LES-1 calcite 2.0 26.1 30.3 36.6
Traverse E LES-2 calcite 2.8 243 28.3 46.5
Traverse E LES-3 dolomite 2.5 27.2 27.2 52.6
Traverse E LES-4 dolomite 2.7 27.1 27.1 53.0
Traverse E LES-5 dolomite 2.9 26.0 26.0 59.1
Traverse E LES-6 calcite 3.0 243 28.3 46.7
Traverse E LES-7 dolomite 2.7 25.9 25.9 594
Traverse E LES-8 calcite 2.0 23.5 27.3 51.6
Traverse E LES-9 dolomite 2.5 27.7 27.7 49.9
Traverse E LES-10 calcite 2.2 25.2 293 41.7
Traverse E LES-11 calcite 1.9 26.3 30.5 35.6
Traverse E LES-12 calcite 1.8 26.3 30.6 35.5
Traverse E LES-13 dolomite 2.5 27.5 27.5 50.5




So61

Appendix V. (cont.)

8" 0o
) ) ) s13C measured 5'°0 (%0 VSMOW) o
Location Sample Location Mineral (% VPDB) (% VSMOW) 51500+ Ao T (°C)
(%0 VSMOW)
Traverse E LES-14 dolomite 2.5 24.1 24.1 70.2
Traverse E LES-15 dolomite 2.4 27.0 27.0 53.3
Traverse E LES-16a calcite 1.8 24.9 29.0 42.9
Traverse E LES-16b calcite 2.0 25.6 29.8 39.2
Traverse F LFS-1 dolomite 2.4 25.5 25.5 62.0
Traverse F LFS-2 calcite 2.1 239 27.8 49.0
Traverse F LFS-3 dolomite 2.4 25.7 25.7 60.6
Traverse F LFS-4 calcite 2.1 26.3 30.6 354
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