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Diagenetic evaluation of the Pennsylvanian Bird Spring Formation, Arrow Canyon, Nevada (U.S.A.) involved
the detailed petrographic and geochemical examination of its brachiopod and whole rock components.
δ13C, δ18O and 87Sr/86Sr of whole rock (WR) statistically (p=0.0001) do not agree with isotope values of co-
eval brachiopod low-Mg calcite (LMC). More importantly, a detailed investigation of the best preserved, fine-
grained whole rock material demonstrates that it does not universally preserve its carbon isotope values, in
contrast with hypothetical predictions. Furthermore, lumped trace chemistry or stable isotope tests do not
unequivocally identify brachiopod or whole rock (fine- to coarse-grained) samples that carry an ‘original’
seawater signal. Instead, diagenetic evaluation, involving as many screening tests as possible, on a horizon-
by-horizon level to compensate for spatial and temporal variations, is necessary to identify the sample(s)
that carries an original seawater signature. Many brachiopods from the Bird Spring Formation are blue- to
non-luminescent and carry microstructures and trace element contents similar to those of their modern tropical
counterparts. Concurrence of chemical results betweenwell preserved brachiopods andwhole rock (if originally
low-Mg calcite) is achieved in 22% of coeval samples for Δ13CbLMC-WR (with natural limits of ±0.25‰), in 20% of
samples for Δ18ObLMC-WR (with natural limits of ±0.25‰), and in 9% of samples for Δ87SrbLMC-WR (with global
limits of ±0.000025). After an adjustment for mineralogical fractionation, if whole rock is considered originally
aragonite, the concurrence of Δ13CbLMC-WR drops to 0%, and for Δ18ObLMC-WR it drops to 6%. Furthermore, compari-
son of stable isotopes of our well-preserved brachiopods with those of preserved whole rock from the literature,
suggests that they are significantly different (p=0.0001), with results of the latter dataset being more negative
by about−0.77 (−2.57‰with mineralogical adjustment) for δ13C (PDB) and−1.31 (−2.11‰) for δ18O (PDB).
Thus, our integrated screening and comparative tests indicate that: (1) an overwhelming number of the whole
rock samples from the Bird Spring Formation carry a diagenetic instead of a primary signal for both carbon
and oxygen isotopes, and (2) many of the biogenic low-Mg calcite brachiopods in this succession carry an
original chemical signal suitable for the reconstruction of high-resolution seawater isotope curves repre-
sentative of the Pennsylvanian North American epeiric sea, and potentially of the global oceans.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Bird Spring Formation and its sub- and suprajacent units in
Nevada and California have been studied since the 1930s by many re-
searchers (e.g., Hewett, 1931; Langenheim et al., 1962; Heath et al.,
1967; Webster, 1969; Nowak and Carozzi, 1973; Ross, 1991; Brand
and Brenckle, 2001; Stevens and Stone, 2007; Bishop et al., 2009,
2010). The formation is exposed in canyon walls within Arrow
rights reserved.
Canyon, Nevada and it includes the Global Stratotype Section and
Point (GSSP) for the mid-Carboniferous and base of the Pennsylva-
nian (Fig. 1; Lane et al., 1999). The excellent exposure of the carbon-
ates in Arrow Canyon covers an interval from the latest Mississippian
to Early Permian, a time period punctuated by glacial–interglacial cy-
cles (Heckel, 1986; 1994) comparable to those of the Pleistocene super-
imposed on a dynamic glaciation history involving 1 to 6 myr long ice
ages interspersed with periods of substantial ice sheet contraction
(Isbell et al., 2003; Montañez et al., 2007; Fielding et al., 2008; Eros et
al., 2012). Thus, the cyclic succession of the Bird Spring Formation is
one of the best-exposed representative units in the world to study Car-
boniferous paleoenvironmental and paleoclimatic changes.

http://www.sciencedirect.com/science/journal/00092541
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Fig. 1. Geographic setting of Arrow Canyon in Nevada (inset) and sampling intervals
(sections) of the Bird Spring Formation in the canyon (N36° 44′ 8.11″, W114° 46′
42.47′ to N36° 43.663, W114° 46.030; modified from Brand and Brenckle, 2001).
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Obtaining reliable paleoenvironmental and paleoclimatic data
from carbonate successions, however, requires careful scrutiny of po-
tential diagenetic overprints on the primary seawater signature of the
proxies. The formation in Arrow Canyon hosts many invertebrate fos-
sils including brachiopods (e.g., Cassity and Langenheim, 1966;
Webster and Lane, 1970; Groves, 1986), and subaerial exposure fea-
tures including paleosols (e.g., Briggs, 2005; Barnett and Wright,
2008; Bishop et al., 2009, 2010), and a variety of limestone and dolo-
mite lithologies with signatures of multiple diagenetic overprinting.
This study will examine in detail the chemical diagenesis of the bio-
genic low-Mg calcite (bLMC) brachiopod and whole rock (WR) com-
ponents of the succession. This examination employs a number of
screening tests (visual inspection, petrography, cathodolumines-
cence, trace chemistry, stable isotopes, and strontium isotopes) to
identify the best-preserved carbonate components. In addition, we
will test the hypothesis that micritic (fine-grained=lithographic)
limestones generally preserve their primary carbon isotopic composi-
tion (e.g., Saltzman, 2003; Horacek et al., 2010), provided diagenesis
proceeded in rock-buffered system (cf. Veizer, 1983; Banner and
Hanson, 1990; Buggisch and Joachimski, 2006). Ultimately, the
major objective is to identify the well-preserved carbonate compo-
nents of the Bird Spring Formation that may serve as proxy of recon-
structing epeiric and possible global Pennsylvanian seawater curves.
2. Sample locality, geology and stratigraphy

The Bird Spring Formation is exposed in Arrow Canyon of the
Arrow Canyon Range, which is located about 100 km northeast of
the City of Las Vegas off Nevada State Highway 168 and west of the
Town of Moapa (Fig. 1). The rocks are exposed and accessible in
walls of a canyon, normally a dry riverbed, which may be inundated
by flash floods during heavy precipitation events and/or spring snow-
melt run-off (N36° 44′ 8.11″, W114° 46′ 42.47″ to N36° 43.663,
W114° 46.030). Several researchers left traces in the canyon by mark-
ing the outcrops, with the most prominent one consisting of brass
tags hammered to the rock face by Amoco geologists during the
1960s while investigating the carbonate succession. Unfortunately,
since that time, many of these tags were removed by individuals, or-
ganizations or by weathering processes.
Amoco tags were sequentially numbered from A0 to A499 and
placed every 1.5 m along either the north- or south-facing canyon
walls, whereas markings from A499 to A525 were measured and
placed on the rock face by the authors. The A0 tag marks the top of
the Battleship Wash Formation and the base of the Indian Springs
Formation (Fig. 2). The boundary between the Indian Springs and
Bird Spring Formations is located at tag A42 +0.97 m. The mid-
Carboniferous boundary (Mississippian–Pennsylvanian) GSSP was
placed at A55 +0.4 m (= A56 −1.1 m or 82.90 m from the top of
the Battleship Wash Formation), and was defined by the first appear-
ance datum of the conodont Declinognathodus noduliferous (cf. Lane et
al., 1999; Brand and Brenckle, 2001). The boundary of the Pennsylva-
nian–Permian within the Bird Spring Formation was initially placed at
horizon A487 +0.2 m (according to Amoco field descriptions), how-
ever, was subsequently re-located to A521 +0.5 m (Bishop et al.,
2010).

Sample collection started in the upper Battleship Wash Formation
and proceeded through the Indian Springs and Bird Spring Forma-
tions, covering the time interval from Late Mississippian to Early
Permian (Fig. 2). All material was located relative to the Amoco
‘A’ tags and our “A” markings, which affords an unparalleled
sample strategy (high lithostratigraphic resolution) of obtaining
carbonate components (brachiopods and whole rock) covering
all of the Pennsylvanian in a single locality and a continuous
succession.

Fossil brachiopods have been the proxy material of choice, be-
cause their bLMCmineralogy under most circumstances is quite resis-
tant to diagenetic alteration (e.g., Brand and Veizer, 1980; Popp et al.,
1986; Al-Aasm and Veizer, 1982; Mii and Grossman, 1994; Brand,
2004; Korte et al, 2005; van Geldern et al., 2006; Angiolini et al.,
2010). Brachiopod LMC stands out as a great choice because, 1) its
carbonate mineralogy, microstructures and chemistry can be exam-
ined by a number of screening tests, and more importantly, 2) they
can be compared with those of modern counterparts, which is a
major advantage over other materials that lack this testing rigor.
However, it is understood, that any one screening test may produce
inconclusive results regarding the state of preservation (e.g., Rush
and Chafetz, 1990; Marshall, 1992; Barbin and Gaspard, 1995;
Montañez et al., 2000; Brand, 2004), and it is emphasized that as
many tests as possible should be employed in any screening process
(cf. Brand et al., 2011). If after extensive screening the tested car-
bonate material is deemed preserved, then its chemistry may serve
as a proxy of past ambient seawater chemistry and water quality pa-
rameters. The primary task was the collection of brachiopods when-
ever they were noticed in the rock face, and to complement the
brachiopod samples with whole rock and cement material for
comparison.

During the Carboniferous, Arrow Canyon was located within 15°N
of the equator (Fig. 2) on the western margin of an epeiric sea on the
North American continental-part of Pangaea. The Bird Spring Sea and
shelf may have been bordered on its western extremity by the Antler
Orogenic Highland (Poole and Sandberg, 1977) or alternatively faced
the Panthalassic Ocean (Stevens and Stone, 2007). The cratonic basin
and depositional site of the Bird Spring in Nevada was sufficiently dis-
tant from the siliciclastic western highlands, escaping influx of clastic
detritus into the carbonate depositional environment after the latest
Mississippian (e.g., Poole and Sandberg, 1977; Miller et al., 1992;
Stevens and Stone, 2007; Bishop et al., 2009). High subsidence rates
afforded the accumulation of a thick and continuous carbonate suc-
cession, and the Bird Spring Formation in Arrow Canyon measures
in excess of 710 m (Fig. 2; e.g., Langenheim and Langenheim, 1965;
Bishop et al., 2009, 2010).

The stratigraphy of the Bird Spring Formation is in a state of on-
going development (Bishop et al., 2010). The lower sequence of the
formation has been studied in detail for conodonts and foraminifera
(Langenheim and Langenheim, 1965; Webster, 1969; Briggs, 2005),



Fig. 2. Paleogeographic reconstructions of Arrow Canyon during the Late Mississippian and Late Pennsylvanian (modified from Blakey, 2007), and the stratigraphic divisions and
North American and Global boundaries during the Pennsylvanian in meters (m) and “A” (Amoco tag) numbers above the Mississippian–Pennsylvanian GSSP (modified after Bishop
et al., 2010).
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whereas the remainder of the formation is still subject to on-going and
more detailed biostratigraphic and paleontologic studies.

In the North American stratigraphic system, the Morrowan–Atokan
boundary is located at A116 or 91.1 m from the datum of the mid-
Carboniferous GSSP (Mississippian–Pennsylvanian; Fig. 2; Bishop et
al., 2010; Appendix). The Atokan–Desmoinesian boundary is placed
at A283 or 341.6 m above the datum horizon. The Desmoinesian–
Missourian boundary is placed at A416 or 541.1 m above the
datum, which is followed by the Missourian–Virgilian boundary at
A479 −0.5 m or 635.1 m above the GSSP (Fig. 2). The Global Strati-
graphic system recognizes different stages and boundaries (Russian
stages), and at this time, however, the stratigraphic position of the
Russian stage boundaries in the Arrow Canyon succession is uncer-
tain. The Bashkirian–Moscovian stage boundary is tentatively placed
at A223−1.3 m or 252.9 m above the datum of the Mid-Carboniferous
(Serpukhovian–Bashkirian)GSSP (Fig. 2; Bishop et al., 2010; Appendix).
The Moscovian–Kasimovian boundary is placed at A398 −1.0 m or
515.1 m above the datum, which is followed by the Kasimovian–
Gzhelian boundary at A479−0.5 m or 635.1 m above the GSSP. Finally,
the Carboniferous (Pennsylvanian)–Permian boundary is placed at
A521 +0.5 m or 699.1 m above the GSSP in the Bird Spring Formation
at Arrow Canyon, Nevada (Fig. 2; Bishop et al., 2010). Detailed biostrati-
graphic studies in the future may change the position of some or all
stage boundaries, but it will not change the diagenetic and/or dolomiti-
zation evaluations nor diminish use of the well-preserved bLMC mate-
rial and its chemistry for Pennsylvanian seawater reconstruction.
3. Sample preparation and analytical techniques

A total of 845 samples (593 brachiopods, 216 whole rock=matrix,
32 cements, 3 crinoids and 1 paleosol) were collected from the Bird
Spring Formation, representing a total of 157 horizons. Carbonate com-
ponents (brachiopods, crinoids, and cements) were separated from the
enclosing whole rock and cleaned (by physical and chemical means;
leachingwith 10% HCl) of any cross-contaminatingmaterial. Diagenetic
history of the cements will be discussed in a separate study. Similarly,
the whole rock material had all biogenic and abiogenic allochems re-
moved from the matrix, and surfaces of fragments were leached to re-
move any traces of weathering rinds. Subsequently, samples were
visually and optically inspected (transmitted light microscopy, catho-
doluminescence and scanning electronmicroscopy) prior to powdering
and geochemical analysis (cf. Brand et al., 2011).

A subset of brachiopod fragments was retained for SEM analysis
for screening of microstructural features and integrity. This work
was carried out on an AMRAY 1600 scanning electron microscope at
Brock University. Luminescence of uncovered thin sections (50 μm
thick) was determined with a NUCLIDE ELM-2B and operating condi-
tions of 45 mTorr (vacuum), 0.6 mA (beam current), 11–15 KVA
(voltage) and exposure time of 6 to 10 s. Other thin sections (more
than 500), cut 30μm thick, were stained with Alizarin Red and potas-
sium ferricyanide and examined by polarizing microscope (LEITZ) for
standard petrographic parameters such as textural, microstructural
and chemical indicators of diagenesis (qualitative Fe content;
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Lindholm and Finkelman, 1972) at Brock University and the Universi-
ty of California-Davis (Bishop et al., 2009, 2010).

About 10–30 mg of powder, weighed to four decimal places, of
most samples was digested with 10 mL of doubly distilled HNO3.
Modifiers (e.g., K and La solutions) were added to the solutions
when appropriate to counter chemical interference. High-purity refer-
ence standards (Delta Scientific) were used for calibration of the atomic
absorption spectrophotometer (AAS) for each element. These samples
were analyzed on a VARIAN 400P AAS for Ca, Mg, Sr, Na, Mn and Fe at
Brock University. Precision and accuracy of analytical work was 4.79,
0.88 (Ca), 4.51, 0.93 (Mg), 6.61, 0.76 (Sr), 5.98, 2.49 (Na), 4.32, 2.11
(Mn) and 8.57, 3.35 (Fe) relative (±) percent (1σ) of certified values,
respectively, based on 46 separate analyses of NBS 633 (NIST) standard
reference material (SRM).

Most samples were analyzed for carbon and oxygen isotopes at
Memorial University of Newfoundland and the University of Nevada,
Las Vegas (UNLV). About 200 μg of powder of each sample was
reacted with ultrapure 100% orthophosphoric acid at 70 °C (or 50 °C)
in a Thermo-Finnigan Gasbench II (Memorial) and Kiel V (UNLV), and
gas was introduced into Thermo-Finnigan Delta V mass spectrometers.
Precision and accuracy compared to NBS-19 standard values were bet-
ter than 0.05‰, PDB for both δ13C and δ18O.

A subset of samples was analyzed for Sr isotopes, and about 1 mg
of each sample was digested with 2.5 N suprapure HCl for about 24 h
at room temperature. This was followed by chromatographic separa-
tion with 2.5 mL of AGW 50×8 (Biorad) cation exchange resin to ob-
tain purified Sr. Samples were prepared and analyzed at Ruhr
University Bochum on a Finnigan MAT 262 7-collector solid-source
mass spectrometer with single Re filament applying 1 μL of ionization
enhancing solution (modified after Birck, 1986). Loading blank was
below 5 pg, column blank was less than 1 ng, and reagent blank was
below 0.01 ppb. The mean of 193 analyses of NIST standard NBS 987
was 0.710240 with a standard error of 0.000006 (±2σmean) and
standard deviation of 0.000036 (±2σ), whereas the mean of 182
analyses of the USGS EN-1 standard was 0.709159 with a standard
error of 0.000004 (±2σmean) and standard deviation of 0.000028
(±2σ). The strontium isotope values of this study were corrected to
a nominal NBS 987 value of 0.710247 (McArthur et al., 2001), and
all geochemical results (including those of Brand and Brenckle,
2001) are presented in the Appendix.

4. Screening test evaluation

Screening of carbonate components is imperative in assessing
their diagenetic history and potentially their appropriateness as proxies
of original seawater chemistry. The screening process, however, has di-
verged into three approaches over the past two decades (cf. Brand et al.,
2011). Based on hypothetical considerations, fine-grained (micritic)
whole rock material is considered by some authors to preserve its car-
bon isotopic composition (e.g., Magaritz, 1983; Saltzman, 2003, 2005;
Saltzman et al., 2004; Batt et al., 2007). Thismay be the case, if diagenetic
alteration proceeded in a rock-buffered system unaffected by meteoric
diagenesis (e.g., Banner and Hanson, 1990; Buggisch et al., 2011). This
approach of assessing fine-grained carbonates for their primary isotopic
carbon and in some instances their oxygen isotopic compositions (e.g.,
Holser et al., 1989; Saltzman, 2003; Horacek et al., 2010) generally
lacks scientific evidence documenting preservation of the carbonate
minerals and only occasionally are geochemical results of whole-rock
samples compared to those of carbonate components consisting of a dif-
ferent mineralogy (cf. Buggisch et al., 2003; Joachimski et al., 2004).
Another approach uses fixed or static Sr and Mn content limits to
identify and decide between samples that are altered or unaltered
(Fig. 3; cf. Denison et al., 1994; Mii et al., 1997; Musashi et al.,
2001; Korte et al., 2005; van Geldern et al., 2006). In many instances,
this is supplemented by a crossplot of their δ13C and δ18O composi-
tions to identify negative shifts associated with diagenesis (Fig. 4;
Brand and Veizer, 1981; Banner, 2005). This approach of lumping
all results into one diagram, and if used on the Bird Spring Formation
material, would ignore spatial and temporal variations due to differ-
ences in local conditions, the secular evolution of seawater, or glacial–
interglacial changes in seawater volume and composition. The third
approach is a dynamic process, which utilizes many screening tests
to examine coeval material from individual horizons (e.g., Popp et
al., 1986; Al-Aasm and Veizer, 1982; Brand, 2004; Montañez et al.,
2000; Brand et al., 2011). Test parameters such as trace element con-
tents and stable isotope values, are guided, in part, by ranges observed
in modern counterparts, and in part by natural variations of the ambient
environment (both modern and ancient). Consequently, the assessment
of carbonate components from individual horizons is independent of
both spatial and temporal variations. Deviations from expected results
from all screening tests may be used to separate unaltered from altered
material (e.g., Samtleben et al., 2001; Brand, 2004).

Using static limits as favored by some authors (of Sr>900 ppm,
Mnb300 ppm for whole rock (Denison et al., 1994); Sr>960±
210 ppm, Mnb190 ppm (Mii et al., 1997); Sr>400 ppm, Mnb250 ppm
for brachiopods (Korte et al., 2005); and Sr>500 ppm, Mnb100 ppm
(van Geldern et al., 2006)) would determine that a small number of
bLMC samples and a slightly larger number of whole rock samples
from the Bird Spring Formation would be deemed altered (Fig. 3).



30 U. Brand et al. / Chemical Geology 308-309 (2012) 26–39
This method may be expedient, but is insufficient in differentiating be-
tween specifically altered and preservedmaterials, and it totally ignores
natural variation due to spatial and temporal differences. In this study, a
battery of screening tests and chemical comparison of coeval con-
stituents from 157 individual horizons (cf. Rush and Chafetz, 1990;
Banner and Kaufman, 1994) was used to determine the diagenetic
state of every sample from the Bird Spring Formation (cf. Brand et
al., 2011).
Fig. 5. Petrographic and cathodoluminescence observations on carbonate material from th
matrix with scattered quartz grains from horizon A113-1, matrix is non-luminescent and b
doluminescence images of sample A495 with nonluminescent fine-grained matrix with blu
show petrographic and cathodoluminescence of dolomitized matrix and fossil fragments fr
typical for dolomite. Panels G and H show corresponding petrographic and cathodolumine
Matrix exhibits slight luminescence typical of poor preservation (cf. Mii et., 1997), while the
to color in this figure legend, the reader is referred to the web version of this article.)
4.1. Petrography

A range of petrographic textures and features were noted in the
carbonates from the Bird Spring Formation (Appendix) with lithology
ranging from fine-grained marls to coral framestones deposited in a
wide variety of environments (Figs. 5, 6; Bishop et al., 2009, 2010).
The lower Bird Spring Formation consists of generally grainstone/
packstone with a heterotrophic assemblage dominated by brachiopod
e Bird Spring Formation. Panels A and B are several brachiopod fragments in a micrite
rachiopods luminesce blue. Panels C and D are petrographic and corresponding catho-
e luminescent brachiopod fragments and slightly luminescent crinoids. Panels E and F
om horizon A522. Crinoid exhibits dull luminescence while the matrix luminesces red;
scence micrographs of micrite and enclosed brachiopod fragment from horizon A284.
coeval brachiopod shell exhibits non-luminescence. (For interpretation of the references



Fig. 6. Petrographic and cathodoluminescence observations on carbonate material from the Bird Spring Formation. Panels A and B are a large brachiopod fragment in a micrite ma-
trix from horizon A309, matrix is non-luminescent and brachiopod luminesces blue. Panels C and D are petrographic and corresponding cathodoluminescence images of sample
A310 with nonluminescent fine-grained matrix with blue luminescent brachiopod fragments. Panels E and F show petrographic and cathodoluminescence of fine-grained matrix
and fossil fragments from horizon A315. Brachiopods are blue luminescent, while the matrix is non-luminescent. Panels G and H show corresponding petrographic and cathodo-
luminescence micrographs of micrite and enclosed brachiopod fragment from horizon A323. Matrix exhibits non luminescence typical of preservation (Mii et al., 1997), while a
brachiopod exhibits blue-luminescence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shells, spines, and crinoid fragments. Preservation is variable with
prominent silicification of some allochems and presence of chert
nodules in some beds. The succession becomes lithologically more
varied up-section but brachiopods are less abundantly higher in
the sequence and are hosted by a greater variety of carbonate sedi-
ments (Appendix; Bishop et al., 2009, 2010). Minor dolomitization
of micritic host rock occurs in intervals interspersed throughout
the Bird Spring Formation but becomes more prominent in the
upper part (Missourian–Virgillian) from horizon A504 upward,
where both matrix and bioclasts are fully dolomitized. All brachio-
pods were dolomitized obtained from the succession above horizon
A495 (Appendix).
4.2. Cathodoluminescence

Many brachiopods from the Bird Spring Formation exhibit either
non (cf. Figs. 5D, 5H) or blue luminescence (cf. Figs. 5B, 6B, 6D, 6F,
6H), and both of these features are typical of an absence of activators
in carbonates (Machel, 1985; Amieux et al., 1989). Furthermore,
these luminescence patterns indicate excellent preservation for
most brachiopod from the Pennsylvanian Bird Spring Formation. For
example, sample A113-1 from the lower part of the formation, ex-
hibits luminescence patterns typical of many others observed during
this screening phase (Fig. 5B). In this instance the whole rock matrix
does not luminesce, while brachiopod fragments luminesce blue,
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both typical of low levels of activator elements (e.g., Mn; Amieux et
al., 1989), and indicative of excellent preservation of both carbonate
components (e.g., Rush and Chafetz, 1990; Grossman et al., 1996;
Brand and Bruckschen, 2002). However, Machel et al. (1991) and
others cautioned against relying solely on this screening test to assess
diagenetic alteration, instead they suggested that cathodolumines-
cence should be used in conjunction with other tests when screening
for preservation of carbonate sediments and components (cf. Barbin
and Gaspard, 1995; Brand et al., 2011).

Many brachiopods from throughout the formation are either non
or blue-luminescent, while the matrix exhibits slight luminescence
in agreement with preservation of the fossils and alteration, including
partial dolomitization, of the host whole rock (e.g., Figs. 5D, 5H, 5F).
In this instance, even crinoids, which are routinely altered from
high-Mg calcite to diagenetic low-Mg calcite (Brand, 1990), in places
shown to be replaced by meteoric diagenetic calcite (Bishop et al.,
2009), do not luminesce (Fig. 5F) underscoring the need for additional
screening tests to clearly identify the preservation state of individual
carbonate components. Dolomite matrix in samples from the upper
Fig. 7. SEM microstructures of select brachiopods (bLMC) from the Bird Spring Formation.
(Appendix). Panel B depicts the well-preserved nature of fibers in the secondary layer of a Rug
layer fibers and tertiary prisms of sample A95-4. Panel D depicts well-preserved fibers in brachio
339. Panel F depicts well-preserved fibers of the secondary layer in brachiopod specimen A492-2
most part of the Bird Spring Formation exhibits the typical red lumines-
cence for this type of carbonate (Fig. 5F; Machel and Burton, 1991).

4.3. Microstructures

Scanning electronmicroscopy is another screening test for evaluating
microstructures of brachiopods and textures of whole rock (cf. Brand et
al., 2011). The primary layer of brachiopods, although present in some
of our scans, was routinely removed by chemical dissolution during
the sample preparation step. Here we compared the microstructures
of the secondary and tertiary layers of Bird Spring brachiopods to
those observed in modern and other fossil counterparts (e.g., Brand et
al., 2003; Goetz et al., 2009; Garbelli et al., 2012). A representative
suite of brachiopods from the Bird Spring Formation provides an over-
view of microstructural preservation throughout the succession
(Fig. 7), and builds on those presented by Brand and Brenckle (2001,
Fig. 3).

A few examples of microstructural test results of brachiopods
from throughout the formation are provided in Fig. 7. Some
Panel A shows prisms, with ‘steps’, of the tertiary layer of brachiopod sample A64a-28
oclostus sp., sample A70-81. Panel C shows multiple alternating well-preserved secondary
pod specimenA127-2. Panel E shows close-up of secondary layer fibers in specimenA343-
06. Panel G shows prismswith stepped layers of the tertiary layer in a specimen A493-218.
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brachiopod shells from horizon A63A have tertiary layer prisms with
preservation characterized by the ‘stepped’ nature of the individual
calcite prisms (Fig. 7A; cf. Goetz et al., 2009). Brachiopods from hori-
zon A70 (sample A70-81, Appendix) are hosted in a partially dolomi-
tized matrix and the fibers of the secondary layer show no signs of
diagenetic modification (Fig. 7B). A specimen from horizon A95 de-
picts a multiple, alternating secondary and tertiary layer shell-
structure, not uncommon in productids and athyrids (e.g., Garbelli
et al., 2012), clearly indicative of primary preservation (Fig. 7C). In
another specimen from horizon A127 (sample A127-2) the fibers of
the secondary layer are well preserved (Fig. 7D) similar to those in
Fig. 7B and modern counterparts (e.g., Brand et al., 2003). Brachiopod
shells from higher up in the formation at horizons A343, A492 and
A493 display secondary layer fibers and tertiary layer prisms charac-
terized by the delicate ‘stepped’ structure that are clear evidence of
primary feature preservation (Fig. 7E–G). This excellent preservation
is typical for a large proportion of brachiopod shells from the Bird
Spring Formation, which is in agreement with visual and cathodolu-
minescence screening test results.
4.4. Comparative chemistry

Comparing the chemistry including isotopes of coeval carbonate
components is an independent test of chemical preservation. In the
case of well-preserved bLMC (Sections 4.2 and 4.3), the δ13C values
of enclosing whole rock (mean of +1.96‰) are more negative and
statistically significantly different (p=0.0001) relative to those of
their corresponding brachiopod values (+2.96‰; Table 1). Similarly,
δ18O values of the whole rocks (mean of −3.47‰) are more negative
and significantly different (p=0.0001) than those of their coeval and
preserved brachiopod (mean of −2.19‰; Table 1). The 87Sr/86Sr ra-
tios of the whole rock (0.708447) are more radiogenic and signifi-
cantly different (p=0.0001) than those of their coeval and well-
preserved brachiopods (0.708266; Table 1).

The original chemistry of carbonates may change with diagenesis,
controlled in part, by the stability of its mineralogy, the chemistry of
the original mineral, temperature and chemistry of the diagenetic
fluid(s), the water/rock ratio of the diagenetic microenvironment
(e.g., Brand and Veizer, 1980, 1981; Banner and Hanson, 1990;
Banner, 2005), and by its thermal (burial) history. Vital or biological
fractionation may further affect or modify the chemistry of biogenic
carbonate grains relative to the ambient seawater isotopic composi-
tion. To discount spatial and temporal variation, Δ values of coeval
pairs from individual horizons were calculated to assess the preserva-
tion state of brachiopod calcite and concomitant host whole rock car-
bonate. On the basis of visual, petrographic, cathodoluminescence
and trace element screening tests, a large dataset of unaltered bra-
chiopod LMC was identified and used as the baseline in the construc-
tion of Figs. 8, 9, 10 and 11 (cf. Brand, 2004).
Table 1
ANOVA analysis of carbon, oxygen and strontium isotope results (N=#horizons with avera
WR) components (Supplementary Table 1), and comparable whole rock (WR) results of Sal
Nevada.

Parameter Source N Mean SD

δ13C AC-1 (bLMC) 113 +2.96 0.80
AC-2 (WR)** 113 +1.96 1.11
AC-1 (bLMC) 113 +2.96 0.80

δ18O AC-1 (bLMC) 113 −2.19 0.92
AC-2 (WR)** 113 −3.47 1.19
AC-1 (bLMC) 113 −2.19 0.92

87Sr/86Sr AC-1 (bLMC) 79 0.708266 0.000050

a It is assumed that diagenesis did not change the original carbon/oxygen isotope compositi
effects (cf. Rubinson and Clayton, 1969; Tarutani et al., 1969).

b No consideration of mineralogical fractionation necessary since both datasets have similar
4.4.1. Δ Stable isotopes
Comparison between preserved brachiopod and whole rock iso-

tope values was carried out at the individual horizon level with lateral
and vertical spatial variation limited to a few centimeters. In addition,
the determination of individual Δ13C (Δ13 C=δ13CbLMC−δ13CWR)
values alleviates problems of temporal (secular changes in seawater
composition) variations and spatial (local and regional environmen-
tal differences) and on isotope values, with the latter, well documen-
ted for modern carbonate environments at a scale of many meters to
kilometers (cf. Patterson andWalters, 1994). From a total of 113 pairs
of brachiopod (bLMC) and whole rock (WR), in 25 instances does the
δ13C value of thewhole rock correspond to that of the coeval brachiopod
value (=22%; based onΔ13C values within±0.25‰ of the baseline bra-
chiopod data; Fig. 8A, Suppl. Table 1) previously characterized by several
screening tests aswell preserved. The baseline variation of±0.25‰was
based on isotope results of modern, tropical brachiopod populations
from 15 localities, including the Mediterranean, Caribbean, and Indian
and Pacific Oceans (e.g., Carpenter and Lohmann, 1995; Brand et al.,
2003; Parkinson et al., 2005). In most instances, whole rock δ13C values
are more negative by up to −5.5‰ than those of their coeval brachio-
pods, indicating a significant degree of diagenetic alteration of the
δ13C values of whole-rock (WR) matrix (Fig. 8A, Suppl. Table 1; cf.
Knauth and Kennedy, 2009; Swart and Kennedy, 2012).

With few exceptions, the offset of Δ18O of the brachiopod (bLMC)
with whole rock (WR) pairs mirrors those of the Δ13C determinations
(Fig. 8B), with a greater shift towards more negative δ18O values in
the whole rock material. Only 23 of the 113 sample horizon results
(~20%) have Δ18O values within natural variation of ±0.25‰ sug-
gesting limited preservation of δ18O by the whole-rock matrix
(Suppl. Table 1; baseline variation was based on modern brachiopod
population results). Thus, based on these comparative tests, an over-
whelming number of the whole rock samples from the Bird Spring
Formation carry a diagenetic instead of a primary signal for both car-
bon and oxygen isotopes (cf. Knauth and Kennedy, 2009). These ob-
servations for the whole rock are in clear contrast, to the many
brachiopods with an apparently preserved stable isotope signal.

The above Δ13C and Δ18O discussion was based on stable isotope
values in whole rock with originally low-Mg calcite mineralogy.
Mineralogical variation in precipitates of ancient seawater is a distinct
possibility that may have a profound effect on the isotopic composition
of the ‘original’ whole rock carbonate. If we assume that aragonite was
the predominant inorganic carbonate precipitated during the Car-
boniferous (e.g., Sandberg, 1983), this would demand that isotopic
values be shifted in our whole rock matrix samples according tominer-
alogical fractionation by 1.8‰, δ13C and 0.8‰, δ18O relative to coeval
low-Mg calcite (Rubinson and Clayton, 1969; Tarutani et al., 1969).
Once this mineralogical isotopic adjustment is implemented for all
whole rock results, the concurrence in Δ13C and Δ18O of coeval pairs
drops to zero (0%)for δ13CbLMC−δ13CWR and to 7 pairs (6%) for
δ18ObLMC−δ18OWR (cf. Figs. 8A, B). Mixtures in mineralogy would lead
ged coeval results) of well preserved brachiopod (AC-1, bLMC) and whole rock (AC-2,
tzman (2003, 2005=S) from the Pennsylvanian Bird Spring Formation, Arrow Canyon,

Source N Mean SD p

AC-2 (WR)a 113 +1.96 1.11 0.0001
S (WR)b 398 +2.19 0.92 0.028
S (WR)a 398 +2.19 0.92 0.0001
AC-2 (WR)a 113 −3.47 1.19 0.0001
S (WR)b 388 −3.50 1.33 0.811
S (WR)a 388 −3.50 1.33 0.0001
AC-2 (WR) 79 0.708447 0.000168 0.0001

ons (cf. Saltzman, 2003), and the values were not adjusted for mineralogical fractionation

mineralogical compositions.
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to concurrence percentages intermediate between those for low-Mg
calcite and aragonite as demonstrated for thematrix ofwhole rock sam-
ples. Thus, using stable isotopes of whole rock material is fraught not
only with uncertainty of diagenetic preservation but also to difficulties
with mineralogical fractionation modifying its original composition.
4.4.2. Δ Strontium isotopes
Strontium isotopes and their ratios in marine carbonate change

due to interaction with meteoric, marine, hydrothermal and mixed
fluids (e.g., Elderfield, 1986; Montañez et al., 2000; Brand, 2004;
Banner, 2005; Brand et al., 2010). The 87Sr/86Sr values of unaltered
brachiopods cluster together and are well within the natural range
observed in their modern counterparts (±0.000025; Brand et al.,
2003). In only 7 out of 79 horizons (9%) do whole rock sample
Δ87Sr (Δ87Sr=[87Sr/86Sr]bLMC− [87Sr/86Sr]WR) values fall within the
range of natural variation of their coeval brachiopods (Fig. 9, Suppl.
Table 1). It is clear from the above discussion, that all carbonate samples
including whole rock should be evaluated with as many screening tests
as possible for their preservation potential (e.g., Veizer, 1983; Popp et
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al., 1986; Banner et al., 1988; Banner and Kaufman, 1994; Montañez
et al., 2000; Brand, 2004; Banner, 2005; Brand et al., 2011).

4.4.3. Δ Stable isotope-dolomitization
Dolomite is present throughout the Bird Spring Formation, and in

some instances, biogenic allochems are clearly visible in the rock face
but their original carbonate mineral has been replaced by dolomite,
which provides for an excellent opportunity to examine this process
and impact on carbonate component chemistry. Comparative isotope
values of coeval brachiopods (bLMC) and their partially dolomitized
whole rock matrix suggest a complex scenario for the distribution of
Δ13C values. Partially dolomitized whole rock may be more negative
as well as more positive than that of the coeval bLMC with no apparent
trendwith increasing dolomitization of the originally limestonematrix,
as documented by samples A226 and A494 which contain both undolo-
mitized and dolomitized matrix (Fig. 10A). Overall, the Δ13C of bLMC-
dolomitic whole rock varies from −2.61 to +0.59‰ (Suppl. Table 1).

The oxygen isotope distribution of partially and fully dolomitized
samples shows a pattern similar to that of the carbon isotopes
(Fig. 10B). The Δ18O values between bLMC and partially dolomitized
whole rock vary from −1.29 to +1.38‰ (Suppl. Table 1). Collectively,
the δ18O values of Bird Spring dolomite are more positive by ~3.59‰
than their coeval bLMC assumed to record ambient seawater-18O
(Fig. 10B). This apparent ‘enrichment’ may be related to observations
made by a number of researchers studying diagenetic processes and re-
lationships of coexisting calcite and dolomite (e.g., Degens and Epstein,
1964; Fritz and Smith, 1970; Montañez and Read, 1992a, 1992b). The
details and the process of dolomitization are well beyond the scope of
this study.

Ifwhole rockwas originally aragonite, the δ13C concurrencewould de-
crease drastically for the partially dolomitizedmaterial (Fig. 10A). In con-
trast, the 18O enrichment of the partially dolomitized whole rock still
exceeds, in some instances, the aragonite fractionation adjustment
(Fig. 10B). This discussion suggests thatmineralogical fraction adjustment
is an important consideration, if andwhen, whole rockmaterial is used as
a proxy of seawater composition.

4.4.4. Δ Strontium isotope-dolomitization
The Sr isotope values of the preserved bLMC define a narrow range

for the Pennsylvanian, whereas purely calcitic to partially dolomitized
whole rock samples are all more radiogenic than those of the coeval
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bLMC (Fig. 11). Overall, the Sr isotope values suggest that meteoric
water and/or burial formational fluid had a silicate signature obtained
during subsurface fluid–rock interaction because there was no com-
parable seawater with appropriate 87Sr/86Sr available until the late
Cenozoic (e.g., Veizer et al., 1999, Fig. 4) to make the results as radio-
genic as those observed in the Bird Spring dolomitized carbonates.
Overall, dolomitization resulted in a slight shift to more radiogenic
values in the host carbonate (e.g., a radiogenic shift of 0.000088 in
Sr isotope ratio between undolomitized and dolomitized matrix frac-
tions in sample A494; Fig. 11, Appendix).

5. Comparative results

Samples of this study can be classified into three categories based
on extensive screening for preservation. Category 1 samples are
deemed exceptionally preserved and identified by normal font in
the Appendix. Category 2 are samples that experienced some degree
of alteration, and thus one or several geochemical parameters may
be deemed diagenetic and these are underlined in the Appendix. Cate-
gory 3 samples are considered strongly altered and most or all geo-
chemical parameters have been post-depositionally changed, and
these samples are in bold font in the Appendix. When considering an
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partly dolomitized whole rock (WR; Sr shown as delta values). The window of preser-
vation (i.e. original values; ±0.000025) is based on the range observed in bLMC of
modern brachiopods (Brand et al., 2003). Other symbols and explanations as in Fig. 10.
original seawater signature for reconstructing high precision and reso-
lution seawater curves, only samples from category 1 should be used
with confidence.

The presence of lithographic limestone horizons with brachiopods
in the Bird Spring Formation afforded us the opportunity to evaluate
in detail the preservation potential of fine-grained limestone matrix
(e.g., Batt et al., 2007; Buggisch et al., 2011) and that of their concomi-
tant brachiopods. Furthermore, the inherently accepted stable isotope
values of whole rock from the Bird Spring Formation afforded us the ad-
ditional opportunity for a large-scale comparison of isotope values be-
tween whole rock matrix and preserved biogenic low-Mg calcite of
brachiopods from throughout the formation (cf. Saltzman, 2003).

5.1. Isotope composition of fine-grained carbonates

Five horizons of the Bird Spring Formation (A284, A309, A310,
A315 and A323) with fine-grained matrix that matched the criteria
for ‘well preserved’ along with best preserved (category 1) brachio-
pods allowed for a direct comparison and application of multiple
screening parameters (results compiled in Table 2). Based on the pet-
rographic evidence of their fine-grained texture, the matrix would be
deemed to have preserved its carbon isotope signal (e.g., Veizer,
1983; Banner and Hanson, 1990; Saltzman, 2003; 2005), whereas
the determination is open for their oxygen and strontium composi-
tions (Brand, 2004). Their high Sr/Mn ratios and corresponding low
Mn and Fe contents further support the assertion that the fine-
grained samples might carry original δ13C and 87Sr/86Sr and possibly
δ18O signals (Table 2; e.g., Holser et al., 1989; Denison et al., 1994;
Saltzman, 2003). In all but one exception (Fig. 5H), the whole rock
matrix exhibits non-luminescence (Figs. 6B, D, F, H), which is comple-
mented by either non- or blue luminescence of the coeval brachiopods
(Table 2; Figs. 5H, 6B, D, F, H). The non- and blue luminescence features
are widely considered indicators of likely preservation of an original
chemical signal. Based on these screening tests results, four of five
whole rock samples should carry original δ13C and possibly δ18O values.
Due to consideration of the original mineralogy and the applicable frac-
tionation effect, only onewhole rock sample (A323) carries a δ13C value
indicative of the ambient seawater (Fig. 8A). This sample (and possibly
A284) also has an oxygen isotope value similar to that ofwell-preserved
coeval brachiopods (Fig. 8B). Two other whole rock matrix samples
(A310 and A315) suggest preservation of marine Sr isotope ratios
(Table 2; Fig. 9). This exercise demonstrates that fine-grained matrix
of limestone whole rock may preserve primary isotope signals, but
preservation is not unequivocal (Knauth and Kennedy, 2009), nor
linked solely to the texture of the sample, instead it is highly variable



Table 2
Diagenetic evaluation and comparison of fine-grained whole rock and brachiopod results from five horizons of the Bird Spring Formation. Screening parameters, observations and
conclusions as to the preservation of some fine-grained whole rock (WR) material and coeval brachiopod (B) bLMC (biogenic low-Mg Calcite) from the Bird Spring Formation.
Screening tests are standard petrographic and cathodoluminescence (CL) observations, supplemented by chemical parameters (Appendix) and interpretations of Denison et al.
(1994; Sr/Mn>2, Mnb300 ppm, Feb3000 ppm), relative ΔB-WR isotope parameters, and interpretations (Petro: m=micrite=lithographic limestone; Sr/MnWR; MnWR; FeWR;
CL; Δ13CLMC: original LMC mineralogy; Δ13CARAG: original aragonite mineralogy; Δ18OLMC; Δ18OARAG; Δ87SrB-WR, Interpretation: bold font — altered [A]; normal font — preserved [P]).

# Petro (Sr/Mn)WR MnWR

ppm
FeWR

ppm
CL Δ13CLMC Δ13CARAG Δ18OLMC Δ18OARAG Δ87SrB-WR

A284 m P 13.1 P 30 P 171 P SLWR A NLB P −2.26 −4.11 +0.21 −0.59 +0.000166
A309 m P 43.1 P 15 P 83 P NLWR P BLB P −0.57 −2.42 −0.54 −1.34 +0.000040
A310 m P 42.4 P 14 P 89 P NLWR P BLB P −0.59 −2.44 −1.44 −2.24 0.000000
A315 m P 31.5 P 16 P 102 P NLWR P BLB P −1.03 −2.88 −1.48 −2.28 +0.000015
A323 m P 30.0 P 25 P 134 P NLWR P BLB P +0.48 −1.37 +1.41 +0.61 +0.000039

Note: Petro — petrography, CL — cathodoluminescence: SL — slight luminescence, NL — non-luminescence; BL — blue luminescence.
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and if present, only identifiable after exhaustive screening and com-
parison with a population of coeval well-preserved brachiopods
(cf. Brand, 2004; Brand et al., 2011).

5.2. Carbon isotope evaluation

The Bird Spring sequence was studied in isotopic detail by
Saltzman (2003, 2005), and based on its comparison with Midconti-
nent brachiopod calcite data was assumed to contain, with few ex-
ceptions, a primary δ13C signal (obtained from micritic limestone
drilled from the matrix; Saltzman, 2003, p. 153). Here we make a di-
rect comparison of isotope results between this previously published
large-scale whole rock data set and the well-preserved brachiopod
calcite data set presented in this study. The results show great
variability between the two data sets but with considerable overlap
in the lower Bird Spring and less so in the upper part of the formation
(Fig. 12). The difference between the whole rock results of our
and Saltzman's study albeit small (about 0.23‰, Table 1), is statistically
significant at the 98.2% confidence level (Table 1). Overall, the whole
rock data of Saltzman (2003) appears to be slightly more positive
than our whole rock results but well within the range of natural varia-
tion of ±0.25‰ observed in modern tropical carbonates. However, a
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carbonate microsampled from polished slabs.” In contrast, the whole rock of this study includ
evaluation of δ13C datasets is provided in Table 1.
direct comparison of the whole rock of Saltzman (2003, 2005) and the
well-preserved brachiopod data of our study from the same interval
shows that they are statistically highly different, with brachiopods of
this study, overall, more positive by about 0.77‰ (Table 1). This direct
comparison of Bird Spring carbonate components suggests that whole
rock micrite does not unequivocally preserve its δ13C composition and
caution should be exercised in its usage and application (cf
Section 5.2; Brand, 2004).

5.3. Oxygen isotope evaluation

Increasingly, researchers are asserting that carbonate components
(biogenic and abiogenic) also contain primary oxygen isotope signals
(see discussion of Knauth and Kennedy, 2009). The compilation of
δ18O data of whole rock and coeval brachiopods from the Bird Spring
Formation (this study and Saltzman, 2003) afforded us the opportu-
nity of direct comparison of large datasets. Plotting of the two
whole rock datasets suggests overlap between them (Fig. 13), but
with trends opposite to those of the δ13C values (Fig. 12). Statistical
analysis indeed supports this assertion of similarity between the
whole rock results of this and Saltzman's study, with a numerical dif-
ference of about 0.03‰ (Table 1). The difference, however, is
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es the whole spectrum of carbonate textures (Appendix; Bishop et al., 2009). Statistical



-6

-5

-4

-3

-2

-1

0

+1

δ18
O

 (
‰

, P
D

B
)

-40 0 40 80 120 160 200

Stratigraphic Interval (m)
240 280 320 360 400 440 480 520 560 600 640 680

This study

Saltzman(2003)

Fig. 13. Oxygen isotopic curve and trend of whole rock datasets (Saltzman, 2003 and this study) from the Pennsylvanian Bird Spring Formation, Arrow Canyon, Nevada. The Saltzman
(2003, supplementary database) trend depicts some unusually negative as well as positive excursions. Sampling strategy as per carbon isotopic samples, and statistical evaluation of
δ18O datasets are provided in Table 1.

37U. Brand et al. / Chemical Geology 308-309 (2012) 26–39
magnified in the comparison of the well-preserved brachiopod and
whole rock datasets, with an enrichment in 18O of, on average,
1.31‰ in the brachiopods (Table 1). The 0.77 and 1.31‰ differences
in δ13C and δ18O observed between the best preserved whole rock
matrix and the well-preserved low-Mg calcite brachiopods, would in-
crease to 2.6 and 2.1‰, respectively, if the mineralogy of the micrite
(whole rock) was considered originally aragonite instead of low Mg
calcite. A set of stringent screening criteria is urgently needed for
studies relying solely on whole rock carbonate material.
6. Conclusions

A high spatial resolution set of carbonate components (brachiopod
LMC and whole rock) from the Pennsylvanian Bird Spring Formation,
Arrow Canyon of Nevada was extensively screened for preservation of
their geochemical compositions using a spectrum of petrographic and
geochemical techniques.

1) Many brachiopod samples after extensive screening are deemed
preserved in their original mineralogy and chemistry (about 72%
of the total population), supported by preservation of microstruc-
tures (secondary fibers, and tertiary layer prisms), high Sr and low
Mn and Fe contents, and non- or blue cathodoluminescence.

2) Preservation of an original chemistry bywhole rockmatrix samples,
including some purely micrite matrix (lithographic limestone) is
achieved only in about 22% for δ13C, by 20% for δ18O and by 9% for
87Sr/86Sr, provided no adjustment is made for mineralogical
fractionation.

3) Preservation of original chemistry decreases dramatically, if mineral-
ogical fractionation adjustment is applied to whole rock samples.
Only the most rigorous and robust of screening may identify
whole rock with an original isotopic signal.

4) Isotope values of partially to completely dolomitized material
show changes in Δ13C ranging from −2.61 to +0.59‰, and in Δ18O
ranging from −1.29 to +1.38‰ and in Δ87Sr ranging
from +0.000034 to +0.000708 relative to well-preserved coeval
bLMC.
5) Brachiopod low-Mg calcite from the Bird Spring Formation,
deemed to have preserved their primary isotopic compositions
and in conjunction with their high stratigraphic placements
should be suitable for reconstructing high-resolution seawater
curves for the Pennsylvanian.

Supplementary data to this article can be found online at doi:10.
1016/j.chemgeo.2012.03.017.
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