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Alteration of marine carbonates, such as those from the Mesoproterozoic and Lower Ordovician, during burial
history is carried out by diagenetic fluids that could potentially have different sources. During precipitation
diagenetic minerals may trap tiny amounts of those solutions in fluid inclusions, thus providing fossil ar-
chives and aliquots that offer valuable record about the origin of fluids. The analysis of various
fluid-inclusion gases (e.g., CH4, CO,, N5, He and Ar) may provide reliable information which allows the dis-
crimination among different fluid sources. Generally speaking, the meteoric cements should have N,/Ar
ratio around 38 (the value for air-saturated water). However, the gases in inclusions of the current study,
trapped by diagenetic carbonates (cements), from independent depositional basins of different ages
(Mesoproterozoic, Early Ordovician, and Modern) and locations (Canada, USA, Brazil and Java Sea), have
Ny/Ar ratios (~92) which match non-magmatic (modified marine or meteoric) fluids. Also, the Ar/He ratios
(~3) in the studied fluid inclusions are significantly lower than those of calc-alkaline magmatic fluids
(=20), thus excluding magmatic fluids as a potential source. On the other hand, some N,/Ar and Ar/He ratios
of the studied samples approach values reported for basinal fluids from the Hansonburg MVT deposit in New
Mexico (68 and 1, respectively), suggesting that both meteoric/mixed marine-meteoric (evolved meteoric)
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and basinal fluids may be involved during carbonate diagenesis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Marine carbonates are generally precipitated in metastable phases
such as aragonite (A) and high magnesium calcite (HMC), which are
stabilized into the diagenetic low magnesium calcite (LMC) through
water-rock interaction during exposure to meteoric or deep burial
conditions (Tucker and Wright, 1990). Also, dolomitization is a com-
mon diagenetic process, which may influence the original marine
carbonates or the previously altered phase (LMC) and it occurs at
early (e.g., near-surface dolomitization) and/or late (e.g., hydrother-
mal dolomitization) stages during the burial history of sediments
(e.g., Lonnee and Machel, 2006). Traces of the diagenetic waters are
trapped in the form of fluid inclusions in the crystals of the end prod-
uct carbonate. Those inclusions work as time capsules that retain the
chemical characteristics of the diagenetic fluid and the temperature
of precipitation of the diagenetic carbonate phase (Goldstein and
Reynolds, 1994). Also, those inclusions may trap traces of the gases
that existed during diagenesis. The relative concentrations of these
gases reveal significant information about the nature of the diagenetic
fluid (e.g., basinal vs. magmatic) and environment to provide an addi-
tional verification tool of the conditions that dominated during the
sediment burial history (e.g., Norman and Musgrave, 1994).
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The origin of fluids that drive diagenesis may at times remain
debatable. Meteoric waters and basinal brines are potential fluids
(e.g., Lavoie et al.,, 2005; Azmy et al., 2006; Lonnee and Machel,
2006; Azmy et al., 2008c, 2009; Conliffe et al., 2010) in addition to
magmatic fluids (cf. Conliffe et al., 2010). Resolving the issue of the
nature of diagenetic processes requires a multifaceted approach
such as petrography, stable isotopes and trace element geochemistry,
microthermometric studies and quantitative fluid-inclusion volatile
analysis by mass spectrometry.

Fluid inclusions may be regarded as microscopic aliquots of a
fluid that comprise possible combinations of liquid, gas or solid,
trapped during mineral growth or by annealing of secondary frac-
tures (Roedder, 1984). The most common inclusions in the current
study are water with dissolved gases and salts. Salinity reported in
diagenetic fluids of the investigated coarse-grained dolomite is up
to 25 wt.% NaCl equivalent (e.g., Azmy et al., 2008c, 2009; Conliffe
et al., 2009, 2010). However, no microthermometric measurements
were obtained from the dolomicrites because of the crystal
near-micritic size and submicron inclusions. Petrography of the in-
vestigated dolomites and their 2-phase fluid inclusions have been re-
cently studied and discussed in detail by Azmy et al. (2001, 2006,
2008a, 2008b, 2008c, 2009), Conliffe et al. (2009, 2010) and Azmy
and Conliffe (2010), which makes these dolomites ideal candidates
for a fluid-inclusion gas ratio investigation. Origin of dolomitizing fluids
have been the focus of studies particularly because of the development
of porosity associated with dolomites, which constitute a significant
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global hydrocarbon reservoirs. Earlier studies of gas ratios in fluid
inclusions provided ranges of compositions characteristic of mag-
matic fluids and non-magmatic (possibly meteoric or mixed marine-
meteoric) fluids (e.g., Moore et al., 1997; Blamey and Norman, 2002),
which can be applied in the identification of the origin of dolomitizing
fluids through the diagenetic history of basins. The main objective of
the current study is to investigate the composition of gases in fluid in-
clusions of non-altered and altered carbonate phases (aragonite, cal-
cites and dolomites) from different basins (Canada, USA, Brazil and
Java Sea) and diagenetic settings (shallow and deep burial) in an at-
tempt to discriminate the fluid sources for the examined carbonates,
particularly those from the St. George Group hydrothermal dolomites,
and test the reliability of ratios of dissolved gases in fluid inclusions
for the reconstruction of their diagenetic environments. This study is
fairly new and it utilizes a suite of samples that was already extensively
screened with multitechniques (petrography and geochemistry). The
samples cover a wide spectrum of depositional and diagenetic settings.

2. Methods

There are four principle ways to gain information about fluid in-
clusion gases (Blamey, 2012), which are by microthermometry,
Raman spectroscopy, gas chromatography and mass spectrometry.
Microthermometry and Raman spectroscopy require relatively large
fluid inclusions and the gases to be in relatively high abundance and
these methods provide information on a limited species range. How-
ever, both methods lack the reliable detection limits and ability to
measure a larger species range. Gas chromatography has an excellent
species range but requires a 5-10 g sample, thus limiting its ability to
resolve sample heterogeneities. Fluid-inclusion gas analysis by mass
spectrometry has a broad species range, analyzes for noble gases, pro-
duces quantitative data, and meanwhile has detection limits around
0.2 ppm for a typical incremental crush. The ability to analyze sam-
ples as small as 25 mg, through the procedure utilized in the current
study, has allowed minimizing problems with sample heterogeneities.

Fluid inclusion volatile analysis was done in vacuum using the CFS
(crush-fast scan) method (Norman and Moore, 1997; Norman and
Blamey, 2001; Parry and Blamey, 2010; Blamey, 2012) at the New
Mexico Institute of Mining and Technology (NMT) Fluid Inclusion
Gas laboratory. Unlike the conventional bulk thermal decrepitation
method whereby all the inclusions are liberated to produce one
analysis, the incremental crush method produces smaller bursts and
hence increases information of potential sample heterogeneities if
multiple fluid inclusion assemblages are present. Samples were first
cleaned with NaOH to reduce surface organic contamination, then
rinsed several times with deionized water, and dried at room temper-
ature. Approximately 0.2 g of each sample was incrementally crushed
under a vacuum of ~10~2 Torr yielding five to eight crushes per sam-
ple. The vacuum is the equivalent of ~10~'" atm and therefore the
potential for air contamination is unlikely and opening inclusions in
this high vacuum is orders of magnitude above background.

The analyses were performed by two Pfeiffer-Vacuum Prisma quad-
rupole mass spectrometers operating in fast-scan, peaking-hopping
mode (Norman and Blamey, 2001). The system routinely reports the
following gaseous species: H,, He, CHy, H,0, Ny, O,, Ar, and CO,. The in-
strument was calibrated using synthetic inclusions filled with Scott Gas
mixtures, and three in-house fluid inclusion gas standards as described
by Norman and Blamey (2001), Norman et al. (2002), Parry and
Blamey (2010), and Blamey (2012). The concentration of each species
was calculated by proprietary software to provide a quantitative anal-
ysis. Precision is better than 5% for major gaseous species and 0.2%
for water/gas ratios based on natural fluid inclusion standards. The
30 detection limit varies for most species and is dependent on burst
size, interference from other species, and instrument alignment but is
approximately 0.2 ppm for He (Blamey, 2012; Blamey et al., 2012),

which is comparable to the femtomole detection limit reported for
gas chromatography (Bray et al., 1991).

The analyzed samples cover a wide spectrum of carbonates (Table 1)
including well-preserved marine carbonates (modern aragonitic coral),
altered sediments at near surface conditions (e.g., lime mudstones and
dolomicrite) and late hydrothermal (fracture-filling) dolomite (Azmy
etal., 2006,2008a,2008b; Azmy et al., 2009). The samples were globally
selected from different sedimentary basins of different ages (Table 1) to
examine the influence of age and burial conditions on the results. The
purpose of including samples from the Mesoproterozoic Vazante dolo-
mites is mainly to examine the influence of age on the investigated
gas ratios since some of the investigated gases (e.g., He) can be
produced by radiogenic decay of some elements such as U and other
radiogenic elements although the concentrations of those elements is
significantly lower in carbonates (<0.5 ppm) compared with their
counterparts in igneous rocks (cf. Norman and Musgrave, 1994).
Also, the samples include organic-rich dolomicrites that had microbial
(stromatolitic) lime mud precursor to investigate the influence of or-
ganic material on the fluid-inclusion gas ratios.

For comparison of fluid-inclusion gas ratio results, the fluorite (F)
fluid inclusion laboratory standard HF-1 available at New Mexico
Tech was analyzed as a regular sample (example of an MVT deposit)
and 28 measurements were performed. This standard from the
Hansonburg Mississippi-Valley type deposit (MVT) in New Mexico
was originally collected, described, and analyzed using the thermal
decrepitation method of gas extraction by Norman et al. (1985). The
origin of MVT deposits is known to be amagmatic but from a basinal
brine fluid and/or highly modified seawater component (Chi and
Savard, 1997; Stoffel et al., 2008). By reanalyzing the HF-1 standard
using the newer incremental crush fast scan method, we can certainly
compare the diagenetic carbonate data to material that hosts basinal
fluids acquired by a similar mechanism.

The detailed petrography of the carbonate samples is described by
Azmy et al. (2006, 2008a, 2008b, 2009) and summarized in Table 1.
The crushed material, from each sample, was intentionally selected
to contain only a single carbonate phase to avoid mixing of fluid-
inclusion gases released from different carbonates phases.

3. Geologic setting and lithostratigraphy

The nature of the sediments and diagenetic history have been well
established through earlier studies of their detailed petrographic,
microthermometric and geochemical attributes (e.g., Azmy et al.,
2006; Knight et al., 2007; Azmy et al., 2008a, 2008c; Edinger et al.,
2008; Knight et al.,, 2008; Azmy et al., 2009; Conliffe et al., 2009;
Azmy and Conliffe, 2010; Conliffe et al., 2010, 2012; Conliffe et al.,
2012). They include unaltered Modern aragonitic coral (A) from the
Java Sea at Point Teluk Awur, near Jepara, Central Java (Azmy et al.,
2008a; Edinger et al., 2008) and altered phases of marine carbonates,
including lime mudstones (C1), late fracture-filling calcite (C3),
dolomicrites (D1) of early diagenesis and late hydrothermal dolo-
mites (D2 and D3, Table 1). The altered phases (hosted in lime mud-
stones and dolomites) were collected from two sequences (Lower
Ordovician St. George Group in western Newfoundland, Canada and
Mesoproterozoic Vazante sequence in east central Brazil) of different
ages and from different sedimentary basins (Azmy et al., 2006; Knight
et al., 2007; Azmy et al., 2008a, 2008b, 2008c; Knight et al., 2008;
Azmy and Conliffe, 2010; Azomani et al., 2013).

The St. George Group consists of early Ordovician (Tremadoc-
Arenig) platform carbonates (~500 m-thick) which, from bottom to
top, include the Watts Bight, Boat Harbour, Catoche, and Aguathuna
formations (Fig. 1). The upper boundary of the St. George Group
(Aguathuna/Table Point formations contact) is marked by the major
regional St. George Group Unconformity (SGU, Fig. 1). The St. George
Group can be divided into two sedimentary megacycles separated by
the Boat Harbour Disconformity (BHD, Fig. 1). Each megacycle is



248 K. Azmy, NJ.F. Blamey / Chemical Geology 347 (2013) 246-254

Table 1

Description, location, petrography, homogenization temperatures (Tj,) of primary fluid inclusions, and summary of quantitative fluid inclusion gas analyses (in mol%) using a
burst-size weighted mean of several replicate analyses from the investigated samples. The T}, is the mean value of multiple measurements.

Sample id# Formation Group Location Environment Phase
R1-95D1 Aguathuna St. George Western Newfoundland, Canada Near-surface D1
R1-168D2 Aguathuna St. George Western Newfoundland, Canada Mid-burial D2
4-94C1 Catoche St. George Western Newfoundland, Canada Near-surface C1
6-10D2 Catoche St. George Western Newfoundland, Canada Mid-burial D2
6-100D3 Catoche St. George Western Newfoundland, Canada Late burial D3
4-104D1 Catoche St. George Western Newfoundland, Canada Near-surface D1
6-196D3 Boat Harbour St. George Western Newfoundland, Canada Late burial D3
6-216D3 Boat Harbour St. George Western Newfoundland, Canada Late burial D3
BH34C3 Boat Harbour St. George Western Newfoundland, Canada Latest burial c3
BHA13D2 Boat Harbour St. George Western Newfoundland, Canada Latest burial D2
P216D2 Watts Bight St. George Western Newfoundland, Canada Mid-burial D2
MAS11 Lapa Vazante East central Brazil Near-surface D1
KV244-11D1 Serra do Po o verde Vazante East central Brazil Near-surface D1
KV244-30D1 Serra do Po o verde Vazante East central Brazil Near-surface D1
KV244-40D1 Serra do Po o verde Vazante East central Brazil Near-surface D1
KV244-61D4 Serra do Po o verde Vazante East central Brazil Late burial D3
KV244-6D4 Serra do Po o verde Vazante East central Brazil Late burial D3
PPS11 Modern coral Java Sea, Point Teluk Awur, Indonesia Modern marine A

HF-1 Council Springs Marera New Mexico, USA MVT F
Sample id# Petrographic description Sr (ppm) Fe (ppm)
R1-95D1 Fabric retentive dolomicrite

R1-168D2 Hydrothermal dolomite, 60 to 150 mm eu- to subhedral crystals with cloudy cores and clear rims 196 2062
4-94C1 Altered lime mudstone, micritic to near micritic, fabric retentive

6-10D2 Hydrothermal dolomite eu- to subhedral crystals with cloudy cores and clear rims 30 849
6-100D3 Fracture-filling saddle dolomite 42 2199
4-104D1 Dolomicrite

6-196D3 Pore-filling saddle dolomite

6-216D3 Pore-filling saddle dolomite 44 3706
BH34C3 Latest pore and fracture-filling hydrothermal calcite 132 1133
BHA13D2 Hydrothermal dolomite, eu- to subhedral crystals with cloudy cores and clear rims 186 2696
P216D2 Hydrothermal dolomite eu- to subhedral crystals with cloudy cores and clear rims 75 2493
MAS11 Fabric retentive dolomitized microbial laminite (dolomicrite) 312 1051
KV244-11D1 Dolomicrite 42 3987
KV244-30D1 Dolomicrite 65 3522
KV244-40D1 Organic-rich dolomicrite 65 4715
KV244-61D4 Fracture-filing saddle dolomite 48 3784
KV244-6D4 Fracture-filing saddle dolomite 34 9330
PPS11 Well preseved aragonitic coral 7487 60

HF-1 Fluorite

Sample id# Tp°C H2 He CH,4 H,0 N, 0, Ar CO, CO,/CH4 N,/Ar
R1-95D1 tr 0.0024 0.6294 96.728 0.7956 tr 0.0188 1.8255 2.90 423
R1-168D2 74 0.0137 0.0048 0.5410 98.424 0.4609 0.0118 0.0207 0.5234 0.97 223
4-94C1 tr 0.0010 8.8180 90.478 0.4351 0.0157 0.0030 0.2496 0.03 143.2
6-10D2 tr 0.0024 3.3021 95.953 0.4107 0.0029 0.0044 0.3246 0.10 93.6
6-100D3 tr 0.0015 0.6771 98.267 0.1032 0.0263 0.0016 0.9237 1.36 63.4
4-104D1 tr 0.0043 6.2310 91.308 0.4369 0.0493 0.0042 1.9659 032 103.0
6-196D3 0.0000 0.0017 0.4868 98.996 0.1632 0.0138 0.0018 0.3364 0.69 88.8
6-216D3 130 0.0000 0.0014 0.4753 98.682 0.2283 0.0384 0.0036 0.5713 1.20 63.9
BH34(C3 98 0.0000 0.0032 0.0941 99.647 0.0809 0.0187 0.0017 0.1541 1.64 483
BHA13D2 101 0.0021 0.0026 0.8328 98.043 0.4507 0.0359 0.0087 0.6239 0.75 51.6
P216D2 141 0.0000 0.0021 1.7253 95.884 0.0870 0.0137 0.0015 2.2865 133 59.3
MAS11 tr 0.0043 0.0593 86.724 0.7647 tr 0.0061 12.4414 209.80 1254
KV244-11D1 tr 0.0062 0.0120 93.277 0.3903 0.0177 0.0037 6.2930 522.51 104.7
KV244-30D1 0.0102 0.0023 0.0406 94.477 0.7041 0.0005 0.0053 4.7599 117.24 133.2
KV244-40D1 0.0111 0.0075 0.4239 90.346 4.8155 0.8260 0.0609 3.5090 8.28 79.1
KV244-61D4 130 0.0060 0.0061 0.3208 97.753 0.3396 0.0004 0.0057 1.5685 4.89 59.6
KV244-6D4 130 0.0000 0.0039 0.0242 88.087 0.6362 0.0007 0.0069 11.2414 464.51 91.7
PPS11 0.0000 tr 0.0016 99.163 0.1552 0.0356 0.0044 0.6400 400.51 353
HF-1 180 0.0013 0.0007 0.0543 99.520 0.0362 0.0055 0.0005 0.3784 6.98 67.0

characterized by a large-scale transgressive-regressive succession
that generally resulted in stacking of lower peritidal, middle subtidal
and upper peritidal units (Knight and James, 1987; Knight et al., 2007,
2008). Multiple-stage dolomitization significantly affected the St. George
Group carbonates (Knight et al.,, 2007; Azmy et al., 2008¢; Knight et al.,,
2008). Three major phases of dolomitization (Table 1) have been identi-
fied in the St. George Group dolomites (Azmy et al., 2008a, 2008c, 2009;
Azmy and Conliffe, 2010; Azomani et al.,, 2013), which include the early

diagenesis (by mixed marine-meteoric waters) dolomicrite (D1) and
the late burial hydrothermal D2 and D3 that were precipitated at elevat-
ed temperature (74 141 °C, Table 1).

The Vazante rocks consists of Mesoproterozoic carbonate-dominated
(mainly stromatolitic carbonate muds and rhythmites) platform de-
posits (Dardenne, 2001) that extend along more than 300 km N-S
in the external zone of the Brasilia Fold Belt in the S3o Francisco
Basin of east central Brazil. The Sdo Francisco Craton (SFC) consists of



K. Azmy, NJ.F. Blamey / Chemical Geology 347 (2013) 246-254 249

< o
o2 c Formation | 9
= = ore ormation
o) g 100 m | 200 m &
= S
Cl|l&

L [

o == MASWO1 Lapa

3

T

35

<

e L Q

_GC) CMM279 Morro do Calcario | yu
o S i \VAVAY/ [ -
O O |l [ Diamictites CMMS500 ©
1 59

© [ N
o | O |-+ F —Mmar
()} \ ‘ \ |>*—:] & Serra do :

: ; Poco verde
(L) —= =— — * Unconformity
|5 |= CMM244
+~ | S |BHD M) M) Stromatolite

S
@ % -Blackshale (2¥p)

"C'U' T | | .

o I { Dolomite

m

oo === i [ ; [ }Limestone

= C

(= | A

= | == g Sandstone gengy 8¢ Artric'do Borits

Fig. 1. Stratigraphic framework of the sequences from which samples was collected (modified from Azmy et al., 2008b; Azmy and Lavoie, 2009).

an Archean-Paleoproterozoic basement, which are overlain by well-
preserved Meso- and Neoproterozoic sedimentary strata. The present
configuration of the SFC is believed to have been shaped by the
Brazilian-Pan African Orogeny (Misi et al., 2007) that climaxed
~600-550 Ma ago. In the east part of the basin, the Vazante sediments
(mainly carbonates, diamictites, and shales) are generally well pre-
served and little metamorphosed. The Vazante Group sediments are
suggested to have been likely accumulated in a passive margin setting
(cf. Dardenne, 2001; Azmy et al., 2008b).

The stratigraphy of the sequence (Fig. 1) has been studied in detail
and refined by several authors (e.g., Misi et al., 2007 and more refer-
ences therein). The Vazante rocks rests on a major glaciogenic unit,
which constitutes the topmost part of the Santo Antdnio do Bonito
Formation (Dardenne, 2001), and also contains another younger
distinguishable glaciomarine diamictite unit containing abundant
organic-rich shale layers, near its top at the base of Lapa Formation
(Fig. 1). The upper part, from which samples of the current study
were collected, of the Vazante sequence consists, from top to bottom,
of Lapa, Morro do Calcario, and Serra do Poo verde formations
(Fig. 1). The upper Vazante Group carbonates are almost entirely
dolomitized and dominated by organic-rich dolomicrites of microbialite
precursor (Dardenne, 2001).

The examined Hansonburg MVT deposit (Fluorite) is hosted in the
Council Springs Member of the Pennsylvanian Madera limestone, and
is originally described by Kottlowski (1953).

4. Petrography

The carbonates of the current research were deposited in marine
tropical environments and the nature of the sediments and their

diagenetic history have been well established through earlier studies
of their detailed petrographic and geochemical attributes (e.g., Azmy
et al., 2001, 2006; Knight et al., 2007; Azmy et al., 2008a, 2008b;
Knight et al,, 2008; Edinger et al., 2008). The detailed petrographic
description of samples and the related fluid inclusions in the diage-
netic phases along with the microthermometric characteristics have
been described and discussed extensively in earlier studies by Lane
(1990), Azmy et al. (2001, 2006, 2008a, 2008b, 2009), Azmy and
Conliffe (2010), and Azomani et al. (2013). Since gas composition of
the fluid inclusions is the main focus of the current study, the petro-
graphic description and homogenization temperatures (Tj,) of the
primary two-phase (vapor-liquid) fluid inclusions are summarized
in Table 1. No measureable fluid inclusions were observed in the
micritic phases and their fabric retention argues against significant
re-equilibration with late burial (hydrothermal) diagenetic fluids.
The other diagenetic carbonate phases, that had bigger crystals,
contained mainly primary two-phase fluid inclusions (cf. Goldstein
and Reynolds, 1994) and the petrographic features of the host dolo-
mites do not show evidences that support re-dissolution and precip-
itation after formation. The lack of fractures around the inclusion
argues for its primary nature and against fluid leaking (Fig. 2f). The
measured inclusions were intentionally selected from those parallel
to crystal facets but in some cases they were in clusters. No oil inclu-
sions were observed among the measured two-phase inclusions.
The modern carbonate sample is taken from a well-preserved Re-
cent aragonitic (A) coral in the Java Sea at Point Teluk Awur, near
Jepara, Central Java (Azmy et al., 2008a; Edinger et al., 2008) and
the X-ray image shows no hidden alterations (Fig. 2a). The altered
lime mudstones (C1) in the investigated samples (Table 1, Fig. 2b)
have micritic to near-micritic size (4-10 pm) crystals with restricted
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Fig. 2. Photos showing (a) the X-ray image of the investigated modern coral (Sample PPS11), (b) altered lime mudstones with restricted recrystallization (Sample R1-110), (c) D1
dolomicrite with fabric retention of precursor lime mud (Sample MAS 11), (d) D2 crystals with cloudy cores and clear rims (Sample P216), (e) saddle dolomite with undulose ex-
tinction (crossed Nichols; Sample BH34); and (f) primary two-phase fluid inclusions in D2 dolomite rhomb showing an inclusion elongated in the direction of growth of the do-
lomite rhomb (arrow) and absence of fractures around the inclusion argues.

recrystallization (e.g., Azmy et al., 2008a, 2009). Earlier studies of of Potassium ferricyanide and Alizarine red, suggest slightly Fe-rich
these limestones suggest that the preservation of sedimentary fabrics, cements that are consistent with meteoric alteration during early
such as microbial lamination (Fig. 2b), and red stain, using a mixture stage of diagenesis (e.g., Azmy et al., 2008c), which is also confirmed
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by their low Sr (<400 ppm) and high Fe (>500 ppm) contents
(Table 1).

The dolomicrites (D1) are micritic to near-micritic (Table 1,
Fig. 2c) similar to their lime mudstone precursor and exhibit fabric re-
tention (e.g., Azmy et al.,, 2001, 2006, 2008¢, 2009) that mimics their
precursor (Fig. 2c). The petrographic and geochemical characteristics
of the dolomicrites have been studied in detail by Azmy et al. (2006,
2008b, 2009), Conliffe et al. (2010), and Azomani et al. (2013). The
relative preservation of fabric in the investigated dolomicrites (e.g.,
microbial lamination) and their low Sr contents (Table 1, Veizer et
al., 1999), and also depleted 6'80 signatures, compared with those
suggested for the global meteoric and seawaters of their equivalent
ages are consistent with an early stage dolomitization by modified
seawater, likely mixed meteoric and marine waters (cf. Warren,
2000; Azmy et al., 2001, 2006, 2008b, 2009; Conliffe et al., 2010).

The hydrothermal dolomites from the St. George Group have gen-
erally 2 generations (Lonnee and Machel, 2006; Wierzbicki et al.,
2006; Azmy et al., 2008c, 2009; Conliffe et al., 2009, 2010; Azmy
and Conliffe, 2010; Conliffe et al., 2012), an early mid-burial crosscut
by microstylolites (D2) and a late burial vug- and fracture filling (D3).
The early D2 generation has coarse eu- to subhedral crystals (40
200 um) with cloudy cores and clear rims (Fig. 2d). The late-burial
dolomite (D3) consists of coarse an- to subhedral saddle dolomite
crystal (>0.5 mm) with characteristic undulose extinction (Fig. 2e).
The primary two-phase fluid inclusions (cf. Goldstein and Reynolds,
1994) in the hydrothermal dolomites (Fig. 2f) throughout the entire
succession were ~5 to 7 um and provided mean Ty, values generally
between 75 and 141 °C (Table 1) and salinities between 18 and
25 eq. wt.% NaCl. An earlier leach-analysis study on the St. George do-
lomites (Conliffe et al., 2010) suggested that they originated from
locally circulated diagenetic fluids with homogenous composition
rather than regional mixing with magmatic fluids (e.g., Lavoie et al.,
2010). The latest pore- and fracture-filling cement is a hydrothermal
coarse equant (up to 2 cm) calcite (C3), which precipitated immedi-
ately after D3 (Fig. 2e) and has average T, between 98 and 120 °C
and salinities up to 25 eq. wt.% NaCl (Azmy et al., 2009). The hydrother-
mal dolomites in the Vazante carbonates are also pore- and fracture
filling and contained dominant primary two-phase fluid inclusions
(~5 pum) that provided comparable T, measurements between 120
and 130 °C (Azmy et al., 2001).

Fluorite crystals from the Hansonburg deposit are commonly
~1cm and colorless. The fluid inclusions are primary aqueous-
dominated (two-phase), ranging from 10 to 70 um in size but gener-
ally ~30 pm. The typical T, for the HF-1 lab standard is ~180 °C and
the T, measurements range from 150 to 210 °C and salinity from 15
to 20 eq. wt.% NaCl (Hill et al., 2000) where mineralization is associ-
ated with higher T, values.

5. Results

Table 1 summarizes the fluid inclusion gas analyses data, which
are reported as weighted mean based on the burst size from several
individual incremental crushes (detailed results of individual mea-
surements are in the Supplementary Appendix 1) and is thus the
equivalent of all the gases being released in one analysis. The term
burst size refers to the current generated in the mass spectrometer
and reflects the amount of volatiles released during crushing. Volatile
composition is reported in mole percent (mol%).

The Hansonburg HF-1 standard data (Table 1), generated by the in-
cremental crush method, are in close agreement with the bulk data
reported by Norman et al. (1985). However, our high-resolution incre-
mental crush data do plot with a linear correlation of CO,/CH4 with
No/Ar (Fig. 3a) with more reduced fluids of lower CO,/CH,4 ratios corre-
sponding with higher N,/Ar ratios. Water is generally around 99.5 mol%
and CO, ranges from 0.16 to 0.48 mol% and CH,4 from 0.01 to 0.39 mol%
with averages of 0.36 and 0.06 mol%, respectively. Notably, He is
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Fig. 3. Scatter diagrams of (a) CO,/CH4 versus N,/Ar and (b) Ar/He versus N,/Ar for the
Hansonburg MVT deposit (a lab standard) in New Mexico. The data plot outside the
frame defined by calc-alkaline fluids (after Blamey and Norman, 2002; Blamey, 2012).

well elevated above air-saturated water and averages 0.0006 mol%
with Ar/He ratios typically in the range of 0.4 to 2 (Fig. 3b). N, is variable
with an average of 0.03 mol%. The incremental crush data clearly show
better resolution of heterogeneities than data acquired by the bulk ther-
mal decrepitation method.

The Holocene coral has a weighted mean of 0.64 mol% CO,,
0.0016 mol% CH,4, 0.016 mol% N,, and 0.036 mol% O,. The coral's
N,/Ar ratio of 35.3 is in close agreement with air-saturated water
whereas the CO,/CH, ratio is ~400 mainly due to the low methane
content (Fig. 4a) but the coral has the lowest He out of all the ana-
lyzed samples (Table 1, Figs 4 and 5).

The Mesoproterozoic (Vazante Group, Table 1) samples have the
highest H, content. They also have variable CO,/CH,4 ratios and the
highest Ny/Ar ratios (Figs. 4 and 5) compared with the remaining
samples. Their CO, contents range from 6.2 to 14.1 mol% with
weighted mean ranging from 2.2 to 12.4 mol% and their CH,4 contents
are also an order of magnitude lower, ranging from ~0.06 to
3.89 mol% (Table 1).

The St. George Group carbonates have relatively homogenous fluid
inclusion gas chemistry. Their CO,/CH,4 ratios have a weighted mean
ranging from 0.028 to 3.4 with the lowest values correlating with
C1 whereas the highest values are D2 (Table 1, Figs. 4 and 5). In the
same sequence the N,/Ar ratio ranges from 42.3 to 93.6 which
approximates to air-saturated water (meteoric water) or slightly ele-
vated above air-saturated water. However, the 4-series samples
(Catoche Formation, Azomani et al., 2013) inclusion gases are anom-
alous and have N,/Ar ratios that exceed 100 (Table 1, Figs. 4 and 5).
Their methane content ranges from 0.094 to 8.82 mol% with the
greatest values associated with the Catoche Formation. Nitrogen in-
creases from 0.23 to 0.85 from C1 to D2 (Table 1).
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Fig. 4. Plot of CO,/CH4 versus Ny/Ar for (a) several incremental crushes of each ana-
lyzed sample from the Vazante rocks of Brazil (blue), a Holocene coral from Indonesia
(black), and diagenetic carbonates from western Newfoundland (red), and (b) ratios of
weighted mean values for each sample.

Samples from the Vazante succession (KV-series) exhibit a high
variability in gas composition. The CO,/CH, weighted means vary
from 8.3 to 522 with CH4 ranging from 0.01 to 0.42 mol% whereas
CO,, varies from 1.57 to 11.2 mol%. The N,/Ar ratios vary from 59.6
to 133 with D4 samples having the lowest ratios slightly greater
than meteoric values whereas D1 samples have the greatest N,/Ar ra-
tios (Table 1, Figs. 4 and 5).

The P216 and BH-series samples (St. George Group, Newfoundland)
are relatively consistent with low CO,/CH, that range from 0.7 to 1.6.
All these samples have relatively low CO, ranging from 0.15 to
2.29 mol% and relatively high CH4 varying from 0.09 to 1.7 mol%. The
Ny/Ar ratio varies from 48 to 59 which approximates to meteoric values.
The gas/water ratio is the lowest for these samples and is only surpassed
by the recent coral.

6. Discussion

The CO,/CHy4, Ar/He and N,/Ar ratios (Figs. 3-5) have been found
to be an effective tool in the interpretation of the origin of geothermal
fluids and recognizing sources with magmatic or meteoric volatiles
(e.g., Blamey, 2012). The term air-saturated water (ASW) refers to
water in equilibrium with atmosphere such that the gases partitioning
between the water and atmosphere are in steady state. Under this con-
dition, the Ny/Ar ratio in water is 38 (Norman and Musgrave, 1994;
Blamey, 2012). As meteoric water is sourced from ASW, the Ny/Ar
ratio of meteoric water is 38, which allows the recognition of its signa-
ture after meteoric fluid has penetrated the subsurface. To our knowl-
edge there are no discrimination diagrams based on fluid inclusion
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Fig. 5. Plot of Ar/He versus N»/Ar for (a) several incremental crushes of each analyzed
sample and (b) ratios of weighted mean values for each sample (slightly modified after
Blamey and Norman, 2002). Color code as in Fig. 4.

gas ratios in the peer-reviewed literature that apply to diagenetic car-
bonate fluids.

The N,/Ar ratios of many samples (Table 1), including the modern
aragonitic coral, lime mudstones, dolomicrites and hydrothermal
fracture-filling dolomites and calcites from the St. George Group are
generally well below 100 except for some D1 samples (Fig. 4 and
Table 1), which are consistent with the origin from non-magmatic
fluids (Norman and Musgrave, 1994; Blamey, 2012), such as basinal
fluids of mixed marine and meteoric waters that were circulated in
the crust. This is consistent with conclusions from earlier stable iso-
tope and trace element studies on the same rocks (Azmy et al.,
2008c, 2009; Conliffe et al., 2009; Azmy and Conliffe, 2010;
Azomani et al, 2013). A recent leach-analysis study on the
St. George Group dolomites (Conliffe et al., 2010) supports the elimi-
nation of magmatic origin for the dolomitizing fluids. The modern
aragonitic coral has N,/Ar and CO,/CH4 ratios that fall perfectly within
the field identified for shallow meteoric/surface water (Fig. 4a, b),
which is consistent with living in shallow surface water habitat of
corals.

On the contrary, the samples of organic-rich dolomicrite of a
microbialite precursor from the Mesoproterozoic Vazante succession
(Azmy et al., 2001; Dardenne, 2001; Azmy et al. 2006, 2008b) have
higher N,/Ar ratios (>100; Table 1) compared with those from other
dolomites, which place them abnormally within the field of magmatic
origin for geothermal fluids despite the petrographic and other stable
isotope and trace element geochemical evidences that reflect origin
from non-magmatic (mixed marine and meteoric) fluids (e.g., SAzmy
etal.,, 2001; Dardenne, 2001; Azmy et al., 2006). However, N, can be re-
leased by the breakdown of protein compounds in geothermal systems
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thus increasing the Ny/Ar ratio above 100 (Norman and Moore, 1999;
Lowenstern and Janik, 2003) and the high organic contents in
microbialitic dolomicrite are therefore most likely the reason for the el-
evated N, contents.

The radiogenic decay of K, particularly in Precambrian rocks, might
contribute with some buildup of Ar (Faure and Mensing, 2005) but
this effect should however be insignificant in pure carbonates, which
usually have very small K contents (Veizer, 1983), due to the restricted
replacement of Ca®* by K*, and almost no siliciclastic inclusions. Fur-
thermore, if radiogenic decay of K had contributed significantly to the
ratios from the investigated carbonates, the Mesoproterozoic dolomites
would have the higher Ar contents and lower N,/Ar ratios compared
with the rest of the samples but this is not the case (Fig. 4a, c) but, on
the contrary, the St. George carbonates have the higher Ar contents.
Also, Np/Ar ratios that exceed 100 can be generated by the breakdown
of protein that produces N, (Norman and Moore, 1999) and is a
likely explanation for some of the Hansonburg data. Analyses with
high CO,/CH, are therefore more oxidized and correspond with
lowest N,/Ar ratios thereby exhibiting a negative correlation (Fig. 3a),
which may be caused by reduced fluids inducing protein breakdown.
Under protein breakdown conditions where nitrogen is produced, the
Norman and Moore (1999) plot fails to take cognizance of organics
and a N,-Ar-He plot was therefore developed by Blamey and Norman
(2002) to discriminate calc-alkaline magmatic fluids from organic-rich
basinal fluids. By utilizing the N,-Ar-He discrimination diagram
(Fig. 5), the weighted-mean Ar/He ratios of all investigated diagenetic
carbonates vary between 0.52 and 8.1 and are much lower than mag-
matic fluid values, a range that is more typical of MVT fluids reported
by Norman et al. (1985) and our HF-1 analyses. The data from the cur-
rently investigated carbonates plot outside the calc-alkaline magmatic
field (Fig. 5) and accordingly a magmatic fluid contribution is very un-
likely, which is also consistent with conclusions from their N,/Ar ratios.
The Ar/He ratios are generally comparable with those of the basinal
brines from the Hansonburg MVT deposit in New Mexico but the possi-
ble remaining argument is whether N, or Ar has changed. Argon is
essentially inert through the diagenetic environments, being neither
added nor removed from diagenetic fluids but fixed at the interface of
water and the atmosphere and is therefore expected to remain constant
unless the water concentration changes. The only considered source of
additional Ar is from K-bearing minerals that are subjected to tempera-
tures above the closure temperatures of argon systematics, a scenario
that requires a metamorphic realm and is therefore precluded here.

The studied samples have variable CO-, gas yields, typically 0.25 to
12.4 mol%. The high CO, contents in the organic-rich dolomicrites
could be attributed to oxidation of organic matter during early dolo-
mitization which is suggested to have occurred at near surface tem-
perature as supported by petrographic and geochemical evidence
(e.g., Azmy et al., 2001; Dardenne, 2001; Azmy et al., 2006; Misi et
al., 2007). On the other hand, the 0.64 mol% CO, yield from the mod-
ern aragonitic corals (Fig. 4) is likely attributed to deposition of coral
skeleton in shallow surface water where the pCO, in sea surface
water is maintained by photosynthesis.

The modern aragonitic coral provided the highest Ar/He ratios
followed by the Lower Ordovician carbonates and Mesoproterozoic
dolomites (Fig. 5a, b; Table 1) and the high values are attributed to
the low He in air-saturated water. On the other hand, radiogenic
decay of U produces He and this might increase He in the fluid inclu-
sions, thus lowering the Ar/He of the investigated ancient materials.
However, the average contents of U in St. George altered lime
mudstones and hydrothermal cements are significantly low (0.1 to
0.5 ppm, Azmy et al., 2011) compared with those in hard rocks or
siliciclastic sediments (Faure and Mensing, 2005), which makes the
He contribution from radiogenic decay insignificant. This is consistent
with comparable Ar/He ratios of the investigated ancient carbonates
from the Lower Ordovician (St. George Group) and Mesoproterozoic
(Vazante succession), which show insignificant differences (Fig. 5).

7. Conclusions

Fluid-inclusion gas analysis of the investigated ancient marine car-
bonates confirms N,/Ar ratios that correspond to meteoric/modified
meteoric (e.g., mixed marine-meteoric) origin consistent with early
diagenetic meteoric environment settings, which supports the con-
clusions from earlier detailed petrographic, stable isotope, and leach
analysis studies on those carbonates. The values of gas ratios obtained
from currently investigated dolomite samples do not match N,-Ar-He
values normally associated with magmatic volatiles and thus suggesting
basinal dolomitizing fluids that likely originated from modified seawater
(mixed meteoric and seawaters) that were circulated in the crust during
the burial history of sediments. The Ar/He and N,/Ar correlations suggest
that similar fluids are present in both basinal brines from MVT deposits
and diagenetic fluids. In addition, high N, in some diagenetic fluids may
not be sourced from magmatic fluids but from the breakdown of protein
under reducing conditions particularly in case of organic-rich carbonates.

Inputs of Ar and He from radiogenic decay of K and U, respectively,
seem to be insignificant in ancient carbonates, including those from
the Mesoproterozoic, since the concentrations of those radioactive el-
ements in carbonates are significantly low compared with their hard
rock and siliciclastic counterparts.

Thus, the fluid-inclusion gas ratio analysis is consistent to be a re-
liable confirmatory tool for the identification of origin of diagenetic
carbonates and their parent fluids.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.chemgeo.2013.04.011.
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