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The Middle Devonian (late middle Givetian) Tully Formation in New York State is the type regional expres-
sion of the global Taghanic Biocrisis. It is marked by anomalous development of massive to rhythmically bed-
ded, micritic limestone deposits within a vastly thicker Acadian foreland basin clastic succession. Lower-
medial Tully carbonates record the incursion of tropical Old World Realm (OWR) taxa (Tully Fauna) and
the outage of the long-standing, higher diversity, cooler-water, endemic Eastern Americas Realm (EAR)
biota (Hamilton Fauna). Succeeding Tully strata record a return of the Hamilton Fauna followed by its demise
due, both to replacement by the lower diversity, cosmopolitan Genesee Fauna and by the overspread of wide-
spread anoxic bottom conditions coupled with the onset of drastically increased sediment input following
Tully Group deposition.
Massive, micritic limestones, yielding modest diversity Tully Fauna assemblages are particularly characteris-
tic of the lower-medial Tully succession on the western New York Tully platform; these are coeval with near-
ly barren ribbon limestone and siltstone deposits in the adjacent New Berlin (east-central New York) and
central Pennsylvania basins. These depocenters trapped terrigenous sediment and helped to create
sediment-starved conditions on the platform. Anomalous Tully carbonate deposition is believed to be coinci-
dent with strong super estuarine water mass stratification in offshore Tully shelf and basin settings where a
warmer, denser, more saline water mass flowed northward (shoreward) across the study area beneath a
counter flow of oxygenated, river-influenced surface water. Dysoxic conditions would have developed
below the pycnocline, favoring the Tully Fauna incursion, precipitation of carbonate mud, and possibly pro-
moting the formation of ooidal chamosite.
At least five thin (1–30 cm-thick) mappable beds of black, ooidal, chamosite, are observed in Taghanic shelf
margin, slope, and basin deposits. These beds are typically intensely bioturbated, variably rich in associated
siderite, contain corroded low-diversity fossil assemblages, and are regionally associated with condensed
lag deposits above unconformities. Work by others suggests that chamosite formation occurs under minimal-
ly reducing, post-oxic, interstitial conditions which are followed, in turn, by more strongly reducing condi-
tions which allow for variable siderite and pyrite formation. Terrestrial pedogenic alteration of silicates by
evolving land plant communities under warm, humid conditions led to an increased supply of kaolinite as
well as Iron oxides and hydroxides that served as precursors to chamosite formation. In the New Berlin
Basin, the transgressive, top-Hamilton-base-Taghanic succession is marked by a succession of diastems asso-
ciated with basin deepening and upward-increasing chamosite occurrence in dysoxic facies. Occurrence of
ooidal chamosite in upper medial Tully platform deposits (Smyrna Bed) may reflect water mass stratification
and extreme sediment-starvation at the shelf margin. Eastward spectral transformation of sparsely fossilifer-
ous Smyrna ooidal chamosite in the western New Berlin Basin into richly fossiliferous, non-chamositic, equiv-
alent neritic deposits east of that basin, suggests that the counter-flow of oxygen and nutrient-rich, lower
salinity water had blocked the denser, restricted water layer from advancing over the eastern Tully clastic
shelf closer to shore.
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1. Introduction

The Taghanic Biocrisis was a time of enhanced biotic turnover
(faunal extinctions and incursions) associated with inferred global-
scale, paleoclimatic changes (House, 2002; Aboussalam, 2003). This
disturbance, which may have been comparable in scale to the better
sociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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documented Frasnian–Famennian extinction, marked the start of a
stepwise drop in global faunal diversity and a long-term trend towards
faunal cosmopolitanism in marine biotas generally (Johnson, 1970;
Boucot, 1988). As is increasingly becoming apparent, the “Taghanic Bio-
crisis” is represented by several closely-spaced, discrete bioevents; in
the type Taghanic interval within the Tully Formation succession in
New York State (Figs. 1 and 2), the Taghanic interval was initially char-
acterized by stepwise incursions of exotic marine taxa (“Tully Fauna”)
from the tropical “OldWorld Realm” (OWR)with a concurrent regional
“extinction” (outage) of large portions of the endemic, cooler water,
Eastern Americas Realm (EAR) Hamilton Fauna as that biota was
being replaced (Brett and Baird, 1995; Brett et al., 1996; Baird and
Brett, 2003a, 2008; Zambito et al., in press; Fig. 2).

Various models for the Taghanic Biocrisis have been proposed.
Bridge and Willis (1994); Algeo et al. (1995) and Algeo and Scheckler
(1998) have argued thatmid-Late Givetian expansion of multistory for-
ests led to an increase of chemical leaching in terrestrial settings with
consequent increases in nutrient supply to coastal waters which caused
major eutrophication events inmarine settings. Day (1996),Witzke and
Bunker (1996) and Marshall et al. (2010) envision a period of cool arid
climatic episodes alternating with hot pluvial events occurring within
the Taghanic time-slice. Traditionally, the Givetian, with its diverse
faunas and stromatoporoid reefs, was thought to have been an interval
of warmer seas, followed by a “hot” Taghanic interval, which was suc-
ceeded, in turn, by cooler conditions during the Late Devonian. Howev-
er, recent geochemical studies have called this interpretation into
question. VanGeldern et al. (2006) and Joachimski et al. (2009) have as-
sembled isotopic paleotemperature curves respectively from brachio-
pod calcite and conodont apatite, respectively. Although their
paleotemperature curves vary in certain details, both studies indicate
that the Taghanic time-slice records a pattern of increasing global sea
surface paleotemperatures which were intermediate between relative-
ly cool paleoclimates during the Eifelian–Middle Givetian time slice and
distinctlywarmer sea surface conditions during the Frasnian. Given that
neither of these studies had brachiopod or conodont samples from the
type Taghanic succession, it is possible that this “nondistinctive” transi-
tional isotopic signature for this interval may reflect incompleteness of
sections in these other areas. Hence, ongoingwork by us (Zambito et al.,
2011) is being directed to the isotopic assessment of conodont apatite
to establish a detailed 18O paleotemperature curve for a relatively com-
plete section in the type Taghanic area of western New York.
Fig. 1. Study area; A, east–west-trending outcrop belt of Tully Formation (black line) and T
Columbus, NY. Numbered outcrops discussed in text include: 1, newly discovered long se
3, long road cut and creek section southeast of Schenevus; B, Tully sections in New York Stat
Sections are numbered: 1 = westernmost Tully sections near Canandaigua Lake; 2 = type
section; 5 = Schenevus sections (from Baird and Brett, 2008).
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This event is recorded in the lower and middle parts of the Tully For-
mation, an anomalous, carbonate-dominated unitwhich caps the Hamil-
ton Group, amuch thicker siliciclastic succession yielding biofacies of the
Hamilton Fauna (Fig. 2). The Hamilton Fauna is interpreted as recording
an extraordinarily long period of paleoenvironmental and biotic stability
(coordinated stasis) prior to the onset of Taghanic changes (Brett and
Baird, 1995; Ivany, et al., 2009). In a strange twist, the Hamilton Fauna
returns, displacing the Tully Fauna basinward and briefly dominating
shelf biofacies in the upper part of the Tully Formation (Heckel, 1973;
Baird and Brett, 2003a; Baird et al., 2003; Baird and Brett, 2008: see
Fig. 2). This last flourish of the Hamilton Fauna was followed by its grad-
ual demise within the Appalachian foreland basin, partly due to wide-
spread overspread of anoxia and an associated major pulse of
siliciclastic sediment input to the basin which was timed with foreland
basin expansion and eustatic sea level-rise, and also partly due to its re-
placement by post-Taghanic cosmopolitan biotas within the lower part
of the siliciclastic Genesee Group succession (Ettensohn, 1985; Johnson
et al., 1985; Baird and Brett, 1986; Zambito et al., in press).

Given publication of several recent synthetic papers on the Taghanic
biocrisis noted above, we are focusing on a few remaining issues and
questions relating to off-platform Tully deposits. This paper presents a
brief review of unusual lithologic features of the NewYork and Pennsyl-
vania Taghanic successions which have a bearing on developing geo-
chemical, tectonic, and circulation models for their genesis. In
particular, we examine an array of questions to be addressed through
future work. Key issues reviewed herein include: 1, characterization
and explanation of lateral gradients between nonfossiliferous and fos-
siliferous deposits within thick, Taghanic basin successions; 2, the char-
acterization of regional changes within several different beds of ooidal
Tully chamosite relative to inferred depth-related facies/biofacies gradi-
ents, particularly, spectral gradations from chamositic beds into coeval
non-chamositic deposits, and 3, the relationship of the Tully chamosite
to standing geochemical models for chamosite genesis.

2. Geologic setting

The type Taghanic region in western and central New York State as
well as adjacent central Pennsylvania is located within the northern
Appalachian Basin (Fig. 1). During the time of the Taghanic Biocrisis
at the end of the medial Givetian (P. ansatus–O. semialternans bio-
zones), this region was situated at approximately 30° south latitude
ully-equivalent clastic correlative succession (gray belt) relative to inferred fault near
ction near Garrattsville; 2, type section of New Lisbon Member east of New Lisbon;
e. Cities are lettered: B = Buffalo; R = Rochester; S = Syracuse; I = Ithaca; A = Albany.
Taghanic section at Taughannock Falls; 3 = Garrattsville section; 4 = New Lisbon type
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Fig. 2. Generalized faunal succession in the upperWindomMember and Tully Formation succession in central New York (Syracuse meridian) correlated to conodont and ammonoid zo-
nation. This schematic shows the influx of the Tully Fauna at the base of the Tully Formation (DeRuyter Bed-level), reestablishment of the diverse Hamilton Fauna association in the upper
Tully Formation (Bellona/West Brook Bed-level), and the decline of faunal diversity in the highest Tully owing to the onset of transgression-related dysoxia in the Moravia Bed-Fillmore
Glen Bed-interval. Key lowstand unconformities include: the base-Tully (1), base-middle Tully (2), and base-West Brook (4) sequence disconformities. Maximum flooding surface con-
tacts include: the top-Smyrna Bed unconformity (3) and the top-Fillmore Glen corrosional discontinuity (5). Diagnostic and/or common taxa include: a—Heliophyllum halli, b—Spinatrypa
spinosa, c—large bryozoans, d—Mediospirifer audaculus, e—Allanella tullius, f—Devonochonetes scitulus, g—Camarotoechia (“Leiorhynchus”)mesocostale (in the Tully, this taxon is restricted
to the TFCCS in eastern NewYork and Pennsylvania), h—Emanuella praeumbona, i—Pustulatia (Vitulina) pustulosa, j—Tropidoleptus carinatus, k—Athyris spiriferoides, l—Mucrospirifer
spiriferoides, m—Rhyssochonetes aurora, n—Emanuella subumbona, o—Schizophoria tulliensis, p—Tullypothyridina venustula, q—Echinocoelia ambocoeloides, r—Spinatrypa sp., s—
Pseudoatrypa devoniana, t—Ambocoelia umbonata, u—small rugosan, v—auloporids, w—Leptaena rhomboidalis, x—styliolines. Key conodonts include: 1—Icriodus latericrescens
latericrescens, 2—Polygnathus timorensis, 3—Polygnathus ansatus, 4—Polygnathus beckmanni, 5—Polygnathus alveoposticus, 6—Icriodus difficilis, 7—Polygnathus varcus, 8—Ozarkodina
semialternans, 9—Polygnathus latifossatus, 10—Polygnathus cristatus, 11—Polygnathus disparalvea. Key goniatites include: 1—Tornoceras (T.) cf. uniangulare, 2—Pharciceras
amplexum, 3—Tornoceras (T.) cf. arcuatum (modified from Baird and Brett, 2003a, 2008).
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at the time of the Taghanic Biocrisis (Figs. 2 and 3). The Tully Group
accumulated in an active foreland basin setting associated with obli-
que convergence of several Avalonian terranes into Laurentia during
the Acadian Orogeny (Ettensohn, 1985; Ver Straeten and Brett,
1995, 1997; Ettensohn et al., 2009); these collisions were associated
with pulses of collisional thrust loading of the Laurentian craton (tec-
tophases) which caused repeated flexural enlargement and deepen-
ing of a foreland basin bordering the orogen (Fig. 3). Erosion of the
Acadian collisional highlands during these events produced corre-
sponding phases of progradational basin-filling by the clastic wedge
of the Catskill Delta complex. Tully accumulation occurred mainly at
Please cite this article as: Baird, G.C., et al., Genesis of unusual lithologies as
Taghanic succession of New York State and Pennsylvania, Palaeogeogr. Pa
the end of the second, and earliest parts of the third collisional tecto-
phase of this orogeny and was anomalously associated with stable
shelf conditions and widespread carbonate deposition, particularly
across cratonward portions of the type Taghanic region (Heckel,
1973; Baird and Brett, 2003a, 2008; Baird et al., 2003).

3. Inferred depositional and paleoclimatic events

Underlying the Tully Limestone is a much thicker siliciclastic suc-
cession comprising the Middle Devonian Hamilton Group which re-
cords foreland basin-filling during the second Acadian collisional
sociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010

image of Fig.�2
http://dx.doi.org/10.1016/j.palaeo.2011.11.010


Fig. 3. Paleogeographic reconstruction of the globe (A) and study area respectively be-
fore (B) and after (C) the Taghanic Biocrisis. The Appalachian Basin strata of New York
State (type area, represented by ‘star’) that record this biocrisis were deposited ap-
proximately 30° south of the paleo-equator. OWR and EAR denote the positions of
‘Old World Realm’ and ‘Eastern Americas Realm’ faunas, respectively; note the position
of the Trans-Continental Arch (‘Continental Backbone’ of Johnson (1970)) relative to
these faunas. Abbreviations NA, SA, and AF stand for North America, South America,
and Africa, respectively. Paleomaps adapted from Blakey (2010); Figure adapted from
Zambito et al., in press.
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tectophase (Ettensohn, 1985; Ver Straeten and Brett, 1995, 1997).
During this time variably shell-rich, detrital sediment accumulated
on a gently sloping, subtidal ramp that supported a rich biofacies
spectrum of endemic taxa known as the Hamilton Fauna; this associ-
ation is now understood to be part of the Eastern Americas Realm of
endemic southern hemisphere cool temperate water taxa and is par-
ticularly important for recording an extraordinarily long episode of
community-scale, non-directional evolution (“coordinated stasis”)
Please cite this article as: Baird, G.C., et al., Genesis of unusual lithologies a
Taghanic succession of New York State and Pennsylvania, Palaeogeogr. Pa
for approximately 4–5 million years (see Brett and Baird, 1995;
Brett et al., 2007, 2009; Ivany et al., 2009).

Taghanic biovents commenced with significant changes in tecton-
ic and paleoclimatic conditions. The gentle, westward sloping, pre-
Tully submarine ramp was transformed to a broad structural platform
in western and west-central New York that bordered the remnants of
the foreland basin following deposition of the topmost portion of the
Hamilton group succession; these last Hamilton units respectively in-
clude the Windom Shale Member in western and central New York
and the coeval Cooperstown Siltstone Member in eastern New York
(Brett and Baird, 1994; Baird and Brett, 2003a, 2008). Sea level
began to rise in a stepwise manner during deposition of the upper
part of the Windom Shale allowing limited incursions of deeper-
water brachiopods belonging to the lower latitude (warmer water)
Old World Realm biota into dysoxic Hamilton habitats (Baird and
Brett, 2008; reviewed in Zambito et al., in press). Onset of Tully
Group deposition saw continued stepwise advance of the Old World
Realm biofacies (the “Tully Fauna”) into neritic habitats; each trans-
gressive pulse led to progressive displacement of residual Hamilton
taxa from these settings (Sessa, 2003; Baird and Brett, 2008).

Incursion of the Tully Fauna was coincident with changes in stratal
geometry and lithology within the Tully Formation. In central and
eastern New York State, the Tully is generally carbonate-dominated
and characterized by a succession of spatially extensive, and often
unconformity-bounded, thin, stacked limestone units (Heckel, 1973;
Fig. 2). This “Tully Platform” limestone succession stands in stark lith-
ologic contrast to vastly thicker pre-and post-Tully siliciclastic units
across the region. It is the anomalous dominance of dove white,
micritic, variably bioturbated limestone within the Tully succession
in western New York (Fig. 4A–C) that suggests that a major change
in paleoclimatic conditions, which accompanied the incursion of the
Old World Fauna (Baird and Brett, 2003a, 2003b; Baird and Brett,
2008; Zambito et al., in press).

The Tully Platform was distinctly bounded to the east and south-
east by structural basin settings in which siliciclastic sediment, coeval
to the Tully platform carbonates, herein referred to as the Tully For-
mation clastic correlative succession (TFCCS), accumulated. A narrow
N–S trough in east-central New York (New Berlin Basin) separated
thin, condensed Tully deposits at its western margin from a siliciclas-
tic shelf region on its eastern side (Heckel, 1973; Baird et al., 2003;
Fig. 5). Probable down-to-the-east fault motion, east of the town of
Sherburne in the Chenango Valley, accounted, both for the abrupt
western margin of this trough and for siliciclastic sediment-starved
conditions west of the trough (Heckel, 1973; Baird et al., 2003).

A much larger basin was developed in central Pennsylvania where
70+ meter-thick mixed carbonate-siliciclastic Tully deposits, coeval
in age to a 2–7 meter-thick Tully shelf carbonate succession in west-
ern New York, accumulated (Heckel, 1969). Rhythmic, thin limestone
beds which are essentially devoid of macrofossils characterize much
of this deeper-water succession, particularly, in the long roadcut sec-
tion at Lockport, Pennsylvania (Fig. 4D). As such, these limestone
beds are understood to represent platform-derived allodapic carbon-
ates that filled this basin under dysoxic conditions. This trough ap-
pears to record a significant flexural downwarping episode,
essentially timed with lower and middle Tully deposition and the
onset of carbonate accumulation on the western New York shelf. It
is probable that the prominent disconformity, flooring the Tully Lime-
stone at the type Taghanic succession at Taughannock Falls near Itha-
ca, New York (Fig. 4A, B), closes to near-continuity within the thick,
ribbon limestone succession in sections west of Williamsport, Penn-
sylvania. Both the central Pennsylvania basin and the New Berlin
trough served as clastic traps for the sequestering of terrigenous sed-
iment, allowing for the accumulation of clean lime mud in a detrital
sediment-starved setting on the western New York shelf (Heckel,
1973; Baird and Brett, 2008; Zambito et al., in press). By the time
the upper (West Brook Shale-Bellona Bed equivalent) portion of the
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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Fig. 4. Tully carbonate facies in outcrop. A, Taghanic type section at Taughannock (Taghanic) Falls State Park in Tompkins County north of Ithaca, New York (Ludlowville 7.5′ Quad-
rangle).The Tully Limestone disconformably overlies Moscow Formation strata (Windom Shale Member) at this locality. This waterfall is about 6 m high; B, Close-up view of the
base-Tully (base-Carpenter Falls Member) contact on the Windom Shale; C, Stromatolitic microbialite crust along unconformity surface at the top of the Carpenter falls Bed
along Kashong Creek at Bellona, New York (Stanley 7.5′ Quadrangle), (see also Heckel, 1973), crack hammer for scale; D, Tully basinal ribbon limestone facies exposed in
south-facing roadcut at Lockport near Lock Haven, Pennsylvania (Lock Haven 7.5′ Quadrangle), hammer for scale.
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Tully was being deposited, this basin had filled completely such that
late Tully deposition occurred on a very broad platform across nearly
the entire northern Appalachian Basin region (Baird and Brett, 2003a;
Baird et al., 2003; Baird and Brett, 2007; schematically reviewed in
Zambito et al., in press; Fig. 5).

Tully massive carbonate deposition was largely confined to the
western-central New York platform region, though off-platform, fossil-
poor, nodular-to-ribbon limestone variants of the lower-into-medial
Tully carbonate succession can be seen in central Pennsylvania
(Fig. 4D). Onset of massive carbonate deposition (Fabius Bed–Carpenter
Falls Bed succession; Figs. 2 and 4A, B) corresponds tomaximal incursion
of the OldWorld Realm-related Tully Fauna into shelf habitats as well as
a major nadir (outage) of Hamilton Fauna taxa from these same settings
(Baird and Brett, 2003a, 2008; reviewed in Zambito et al., in press). This
lithologic and faunal change is interpreted as reflecting a major south-
ward advance of denser, more saline, warmer water from the Devonian
paleotropics across the Tully shelf with associated set-up of a stratified
estuarine-type water column, although, possible episodic anti-
estuarine circulation may have occurred dependent on the degree of cli-
matic aridity and resultant runoff volumes (Witzke, 1987 and references
therein;Marshall et al., 2010; seemodel of Zambito et al., in press; Fig. 6).
Development of more arid conditions in the late Middle Givetian
(Marshall et al., 2010), the effect of detrital sediment trapping in adjacent
basins, and the incursion of tropical water masses to the Tully shelf col-
lectively explain the development ofmassive lower andmedial Tully car-
bonate deposits (Fabius Bed–Carpenter Falls/Smyrna Bed succession) on
the platform (Figs. 4A, B and 6).

The lower-medial Tully succession is also particularly notable for the
localized occurrence of black ooidal chamosite, often in association with
diagenetic siderite, syneresis cracks, and thinmicrobialite crusts. Chamo-
site, which occurs at several different levels within the Tully Formation
Please cite this article as: Baird, G.C., et al., Genesis of unusual lithologies as
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succession, typically occurs as sand-size, discoidal, grains with internal
concentric laminations. These grains occur in a mud-supported, biotur-
bated fabric with poorly preserved, low diversity fossil assemblages
(Figs. 7A, B and 8–10). Chamosite development is associated with con-
densed deposits at the carbonate shelf margin and transgressive lag de-
posits in basin settings (Baird et al., 2003; Baird and Brett, 2008). The
most prominent chamosite accumulation is associated with strongly
condensed deposits of the late medial Tully Smyrna Bed where grain-
stone deposits on the Tully platform can be seen to grade eastward spec-
trally into chamositic “oolite” at the platform margin and in the New
Berlin Basin (see Chamosite genesis below; Figs. 6, 9, 10).

The most dramatic event recorded in the type Taghanic region is
the reestablishment (ecological “comeback” or “recurrence”) of the
Hamilton Fauna in Tully shelf habitats with associated seaward exile
of Tully Fauna taxa into dysoxic off-shelf settings (Baird and Brett,
2003a, 2008; reviewed in Zambito et al., in press). This biofacies over-
turn commenced within the Taughannock Falls Bed succession above
the Smyrna Bed and culminated in the development of diverse Ham-
ilton coral bed and diverse brachiopod biofacies (see Brett et al.,
2007), respectively in the Bellona Coral Bed andWest Brook Shale de-
posits of the upper Tully succession (Figs. 2 and 5). This acme of Ham-
ilton taxa was short-lived, and this association was eventually
displaced from the Appalachian Basin, due to end-Taghanic transgres-
sion and associated overspread of anoxia timed with the well docu-
mented Taghanic onlap event which continued long after Tully
deposition ceased (Johnson, 1970; Johnson et al., 1985; House,
2002; Zambito et al., in press). Essentially linked to the late Tully
Hamilton Faunal acme is the aforementioned complete filling of the
central Pennsylvania and New Berlin basins such that the West
Brook Bed–BellonaBed is regionally expressed as a thin, richly fossilifer-
ous band which appears to have accumulated on a nearly dead-level
sociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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Fig. 5. Regional cross-section of the Tully and basal Genesee Group across east-central New York State showing inferred correlations of Tully Formation divisions with equivalents in
the Tully Formation Clastic Correlative succession (TFCCS). Location of section along outcrop belt is shown in inset figure. The underlying Hamilton Group is not shown for ease of
Tully unit visualization. The transect shows the rapid eastward thickening of the Tully clastic correlative succession across a possible growth fault east of Sherburne, New York; the
sediment-starved, western (structurally upthrown) side of this structure (“Sherburne High”), bounded a local, structurally downthrown, basinal trough which served as a clastic
trap. Note the prominent disconformable nature of the mid-Tully sequence unconformity (c) and the upper Tully sequence unconformity (d). Note also the striking thinness
and uniformity of thickness of the Bellona Bed/West Brook Shale (e) relative to underlying and overlying units (see text). The Tully–Genesee contact (f) is unconformable across
part of the region as shown. Lettered features include: a, DeRuyter Bed; b, chamositic–sideritic bed believed to be equivalent to DeRuyter Bed; c, Smyrna Bed floored by mid-Tully
sequence disconformity; d, upper Tully sequence disconformity; e, Bellona Bed/West Brook Shale; and f, black shale-roofed corrosional discontinuity with associated detrital pyrite
marking Tully-Geneseo contact. Figure adapted from Baird and Brett (2003a).
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submarine shelf plain across central Pennsylvania, eastern New York
and on the western New York platform (Fig. 5). In fact, these previous
shelf and platform domains, as well as the clastic trap, were no longer
distinguishable as bathymetric features at this time (Baird et al., 2003;
Baird and Brett, 2008; Zambito et al., in press). This is all the more sig-
nificant in that onset of the third tectophase (sensu Ettensohn, 1985),
involving flexural shelf collapse and foreland basin expansion, would
commence in full force following Tully deposition. Following West
Brook Bed–Bellona Bed deposition was a gradual restoration of the pre-
viously differentiated basin and shelf domains during deposition of
massive platform carbonate deposits of the thin, upper Tully Moravia
Bed, followed, in turn, by general shelf collapse during end-Tully Fill-
more Glen Bed deposition. It is notable that the thin, fossiliferous
West Brook Shale–Bellona Bed interval is everywhere shaly or charac-
terized by very impure carbonate deposits inmarked contrast to typical
Tully massive micrite deposits both below and above this level. This
anomaly is provisionally interpreted as the result of a breakdown of
water column stratification, thereby allowing for the collapse of the car-
bonate factory and return of the Hamilton fauna to platform habitats
(Zambito et al., in press; Fig. 6).

4. Tully chamosite, siderite, and microbialite deposits

4.1. Stratigraphic occurrences

Ooidal chamosite-bearing beds occur at no less than five strati-
graphic levels within the Tully Formation succession (Figs. 5, 7–12);
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these include, in ascending order: 1, the base-New Lisbon Member
(sensu Baird et al., 2003) lag deposit marking the top-Hamilton base-
Taghanic boundary in east-central New York (Figs. 5, 8); 2, the base-
Tully-Formation-equivalent (TFCCS succession) lag deposit (sensu
Baird et al., 2003) in east-central New York (formerly base of “upper
New Lisbon Member” sensu Cooper and Williams, 1935); this unit is
provisionally believed to be equivalent to the condensed base-Tully
DeRuyter Bed in central New York; 3, the condensed Smyrna Bed near
Sherburne in east-central New York (Figs. 7, 9–10), and at Hughesville
in central Pennsylvania (Fig. 10B); 4, locally developed ooidal chamo-
site facies in condensed deposits of the Taughannock Falls Bed interval
near Sherburne, New York, and 5, a lag bed within-, or at the top of,
the Moravia Bed near Sherburne, New York. Chamositic ooids are also
observed at the base of the Tully in east-central Pennsylvania, but strat-
igraphic correspondence of this level to NewYork sections is, as yet, un-
certain.Moreover,minor discoidal chamosite also occurs in the topmost
beds of the Hamilton Group succession in east-central New York where
the transgressive spectral facies transition between the Hamilton group
and the lowermost Taghanic succession is most complete (see below).
Occurrences at levels 1, 2, 3, and 5 are described below in ascending
stratigraphic order.

4.2. Base-New Lisbon Member diastem

The pre-Taghanic (Hamilton Group)-into-base-Taghanic strati-
graphic succession is understood to be the most temporally complete
in sections near the villages of Garrattsville and New Lisbon in the
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
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Fig. 6. = Inferred watermass circulation models for Taghanic epicontinental sea in east-central New York. A) Model for Tully chamosite formation advanced by Baird and Brett
(2003b) and Baird et al. (2010). Sediment-starvation, intense bioturbation, and periodic development of dysoxic conditions were believed responsible for interstitial chamosite for-
mation along the Sherburne High. Dysoxia was interpreted as being the result of upwelling along this structural axis (see text); B) Alternate watermass circulation model during the
lower Tully Formation, which is inferred to be a period of increased aridity (Marshall et al., 2010). In this model, a higher-salinity, warmer and denser cratonic watermass would
flow into the basin and below a riverine-controlled, lower-salinity surface layer, resulting in an elevated pycnocline and basin stratification. Basin morphology, in the form of a fault-
controlled sill, further accentuates the development of contrasting shallow and deep watermasses (adapted from Zambito et al., in press).
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Butternut Valley in east-central New York (Baird et al., 2003; Baird
and Brett, 2008; Figs. 8 and 11). This area, as well as the Pittsfield–
New Berlin region to the west of it, were affected by localized tectonic
subsidence where topmost Hamilton shelf deposits (Cooperstown
Member) are succeeded by flaggy siltstone and shale facies of the
base-Taghanic New Lisbon Member; onset of New Lisbon deposition
marked a significant transgressive event (Baird et al., 2003) where
basal Taghanic sediments accumulated in a dysoxic basinal regime.
However, this transgression is marked by, at least one diastemic
break with an associated lag zone marked by the abundant Tully
Fauna brachiopod Camarotoechia mesocostale, chamosite, and nodular
diagenetic siderite in a dark mudstone matrix (Fig. 11).

In the Pittsfield–New Lisbon area, this intensely bioturbated, thin
lag zone is characterized by corroded C. mesocostale in association
with discoidal to disk-shaped chamosite, concretionary nodules of
siderite that enclose some chamosite grains, and subsidiary nodular,
diagenetic phosphate and pyrite (Fig. 8). Where chamosite grains
are enclosed by nodular siderite or phosphorite, they have a discoidal
(“peppermint patty”) shape and display good internal concentric
laminations, typically around a quartz silt or sand grain nucleus.
When they occur in the non-concretionary mudstone matrix outside
of the sideritic nodules, they are flattened disks, often with a central
protrusion reflecting the position of the nucleus clast. This shape con-
trast suggests that siderite precipitation took place largely after cha-
mosite grain formation, but distinctly earlier than compactional
dewatering of surrounding muds. Shiny black lamellar crusts, possi-
bly also of chamositic composition, occur within the lag interval;
these may be films of microbialitic origin.
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Stepwise, spectral facies transgression occurring across the up-
permost Cooperstown Member-into-New Lisbon Member succes-
sion is best illustrated in two closely-paired, west-flowing
ravines 0.9 km south-southeast of Garrattsville in the Butternut
Valley (Baird and Brett, 2008; Fig. 11). At this locality, a thin
coral bed in the upper part of the Cooperstown Member, yielding
diverse Hamilton Fauna taxa, marks the highest richly fossiliferous
level of the Hamilton Group. This bed gives way to a 2–3 meter-
thick succession of soft gray shaly siltstone containing a moderate
diversity Hamilton Fauna assemblage which is, in turn, capped by
a thin diastemic lag deposit yielding disarticulated Hamilton taxa
in association with sparse discoidal chamosite. Above this lowest
chamositic bed is a 2–3 meter-thick interval of soft gray-green
shale yielding a modest Hamilton Fauna association consisting of
small brachiopods and mollusks which is capped by a diastemic
lag bed containing chamosite in association with siderite and a
complete absence of shelled taxa. This layer is, in turn, followed
by a 1–1.5 meter-thick interval of thin-bedded, tabular siltstone
beds and thin shale partings which to date has yielded no macro-
fauna. Finally, this barren unit is succeeded by a 10 meter-thick New
Lisbon tabular siltstone-shale succession marked at its base by abun-
dant C. mesocostale and rare Tullypothyridina in association with diaste-
mic chamosite and siderite (Baird and Brett, 2008). This overall
succession defines the stepwise transgressive replacement of diverse
aerobic benthic assemblages by distinctly stressed dysaerobic biotas,
and it shows that chamosite development is closely linked to episodes
of sediment-starvation and reworking during stages of increasing sea-
floor anoxia (Figs. 2–11).
sociated with the Late Middle Devonian Taghanic biocrisis in the type
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Fig. 7. Smyrna Bed “oolite” and associated capping microbialite crust. A, Smyrna Bed
ooidal chamosite from a south-flowing ravine on the south side of Hunts Mountain,
2.7 km southeast of the center of Sherburne, NY (Sherburne 7.5′ Quadrangle). Notice
the abundance of sub-spherical (discoidal), sand-sized clasts which are largely
matrix-supported within bioturbated, calcareous mudstone; B, top, bedding plane
view of stromatolitic microbialite which caps a thin, basinal phase of the Smyrna Bed
from a creek section near Walt Phillips Road, 2.45 km southwest of the intersection
at Columbus, NY (Sherburne 7.5′ Quadrangle). Chamositic ooids occur within this
microbialitic layer (see Fig. 10C), Scale bars=1 cm.
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4.3. Base-Tully clastic correlative succession diastemic contact

In the Butternut Valley of east-central New York, Baird et al. (2003)
subdivided the original New Lisbon Member division (sensu Cooper
and Williams, 1935) into two diastem-bounded units; the lower of
these divisions retains the original name, and the upper division is
grouped into the succeeding Tully Formation eastern clastic correlative
succession herein referred to as TFCCS (Figs. 5, 11–12). The boundary be-
tween the newly defined (restricted) New LisbonMember and succeed-
ing beds is a regional discontinuity that appears to be correlativewith the
better known base-Tully Formation contact (base of DeRuyter Bed) in
central New York (Baird et al., 2003). At Garrattsville and at the type
New Lisbon Member section 1.6 km northeast of the hamlet of New Lis-
bon (Fig. 12), this diastem separates C. mesocostale-bearing, thin-bedded
siltstone and shale deposits of the New Lisbon from an overlying succes-
sion of thick-bedded siltstone layers abounding in C. mesocostale but also
yielding in greater proportion the characteristic Tully Fauna taxa Tullypo-
thridina venustula and Rhyssochonetes aurora (Figs. 11 and 12). In the
strongly bioturbated lag zone above this contact, the chamosite is less
concentrated than at the base-New Lisbon contact, but is of a similar
grain morphology. Phosphate nodules also occur sparingly at this level.

4.4. Smyrna Bed chamosite occurrence

West of the Syracuse meridian, massive, 2–4 meter-thick, micrite
deposits of the medial Tully Carpenter Falls Bed are capped by a
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diastemic surface which locally displays subjacent syneresis crack
systems, and, more rarely, microbialitic (stromatolites) along its sur-
face (Heckel, 1973; Baird et al., 2003; Fig. 4C). This surface is, in turn
overlain by impure, nodular limestone deposits of the Taughannock
Falls Bed interval which record a transgressive deepening event,
closely associated with the demise of the Tully Fauna and the return
of Hamilton biofacies in the upper Tully (Baird and Brett, 2003a,
2008; reviewed in Zambito et al., in press). Beginning at the Syracuse
meridian, the Carpenter Falls Bed thins and coarsens dramatically to-
wards the east and southeast, such that it has essentially graded into a
thin, compact, packstone–grainstone layer (Smyrna Bed) with a
sharply defined base and top at localities in the Highland Forest
Metropark in southeasternmost Onondaga County (Fig. 5). Continu-
ing eastward, the Smyrna Bed grades spectrally from a carbonate
clast blanket near the village of Sheds, New York into a macrofossil-
poor bed of ooidal chamositic grains which is maximally developed
near Sherburne in the Chenango Valley east to the vicinity of Colum-
bus, New York (Baird et al., 2003; Figs. 7A, 9, 10A, F). As this unit is
traced eastward from Columbus to New Lisbon, across the New Berlin
Basin, it thins and gradually loses its chamositic character within the
TFCCS succession as it is traced across the New Berlin Basin (Fig. 10F).
East of the New Berlin Basin axis, the Smyrna Bed becomes increas-
ingly shell-rich as it is traced from the vicinity of Pittsfield southeast-
ward to Laurens, New York near Oneonta (Baird et al., 2003; Baird
and Brett, 2008).

In the region of significant Smyrna Bed chamosite development,
the base of the Smyrna Bed becomes markedly erosional (Heckel,
1973). Between Sheds and Sherburne, the entire lower Tully succes-
sion, as well as the topmost Windom Member, are cut out by erosion
(Fig. 5). The region of maximal chamosite development near Sher-
burne has been interpreted to have accumulated on a structural axis
(“Sherburne high”) where the Tully oolites formed in an agitated set-
ting in a sediment-starved, shoal setting which bordered a basinal
depocenter to the east (Heckel, 1973; Fig. 5).

From the Syracuse meridian eastward to Otselic, New York, the
overlying Taughannock Falls Bed interval thickens into a relatively
unfossiliferous lentil of tabular, concretionary limestone beds and cal-
careous shale, which sharply overlies the Smyrna Bed (Heckel, 1973;
Fig. 5). East of Otselic, the Taughannock Falls Bed thins and grades
into a stack of thin calcareous siltstone and chamositic beds. Given
the overall condensed character of the Smyrna Bed–Taughannock
Falls Bed interval and the close association of the chamositic beds
with erosional episodes, it is uncertain whether or not the actual
Smyrna Bed is, or is not, locally overstepped at the Sherburne merid-
ian (Baird et al., 2003).

West of the village of Columbus, New York, the Taughannock Falls
Bed begins to dramatically thicken southeastward, and the lower
Tully succession, absent at Sherburne, reappears in the form of silici-
clastic, largely basinal, deposits (Fig. 5). Most of this ballooning of the
section occurs southwest of Columbus in the vicinity of an inferred
down-to-the-east fault that was believed to have been active at this
time (Heckel, 1973; Baird et al., 2003; Figs. 1 and 5). The Smyrna
Bed thins southeastward from the Sheds area and gradually loses its
chamosite content such that no chamosite is observed in this unit
from the Butternut Valley eastward. Hence, chamosite occurs maxi-
mally on the Sherburne high axis near the eastern margin of the
Tully platform, and it is largely restricted to the adjacent, east-
facing, western ramp slope of the New Berlin Basin (Figs. 5 and 10F).

In additional to its better known occurrences in New York State,
the Smyrna Bed is also tentatively recognized as an 18–20 cm-thick,
condensed, nodular limestone bed in a 60+ meter-thick, largely sili-
ciclastic Tully section in the village of Hughesville, Pennsylvania. It
unconformably overlies a succession of thick, massive siltstone units
which appear to correspond to the medial Tully carbonate succession
of the New York platform (Baird and Brett, 2007). The knife-sharp top
of this unit marks the base of a 13+ meter-thick shale unit which is
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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Fig. 8. Base-New Lisbon Member unconformity at four key localities; A, “Greens Gulf”, 2.3 km southwest of New Berlin, New York (New Berlin South 7.5′ Quadrangle), showing
three inches of base-New Lisbon chamosite-rich shale overlain by Smyrna Bed (interval now concealed under alluvium); B, Northwest-flowing tributary of Wharton Creek
1.2 km south of Pittsfield, New York (New Berlin North 7.5′ Quadrangle) showing spectacular nodular diagenetic siderite “marbled” throughout the black, chamositic basal layer
(interval now concealed under shallow alluvium); C, Unnamed gully northwest of former Gross Hill School, 3.7 km northwest of Garrattsville, New York (Edmeston 7.5′ Quadran-
gle) showing chamosite with associated nodular diagenetic siderite; D, East-facing cutbank along south-flowing tributary of Stony Creek, 2.0 km north-northeast of New Lisbon, NY
(Morris 7.5′ Quadrangle) showing easternmost development of chamosite- and siderite-rich sub-New Lisbon Member contact. Note occurrence of this Emanuella-rich layer coin-
cident with base of chamositic bed (see text). Lettered units include: a, uppermost typical Cooperstown member (probable Spezzano submember equivalent) succession yielding
typical upper Hamilton Group taxa such as Mucrospirifer, Mediospirifer, Alanella, and nuculoid bivalves; b, erosional contact showing chamosite disk-infilled open burrows (or bor-
ings) as well as underbed diagenetic siderite nodules; c, black, shiny concentration of discoidal (flattened?) chamositic “ooids” and sideritic nodules; d, interbedded, flaggy shale-
siltstone facies of basal New Lisbon Member yielding Leiorhynchids, cf. Camarotoechia mesacostale; e, Smyrna Bed containing dilute chamosite, phosphate nodules, nodular lime-
stone and possible stromatolite developmentat top. Unit yields abundant auloporids and rare Rhyssochonetes; f, barren flaggy shale-siltstone interval of post-Smyrna strata.
(Adapted from Baird et al., 2003).
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believed to represent the Taughannock Falls Bed transgression event.
Limestone nodules in this bed appear to be closely stacked, concre-
tionary Thallassinoides burrow systems in association with auloporid
coral networks and comminuted pelmatozoan debris. The topmost
two centimeters of this limestone bed contains dilute ooidal chamo-
site (Fig. 10B). Moreover, the top 1.0–2.5 mm of this bed is marked
by an orange colored microbialitic crust which marks the contact
with the overlying shale unit.

Texturally, the Smyrna Bed “oolite” is characterized by abundant
black, discoidal chamositic grains which are matrix-supported within
intensely bioturbated, calcareous lime mud in association with sub-
sidiary amounts of nodular phosphate and pyrite (Figs. 7A, 9, 10A).
Ooidal grains are randomly oriented and reflect the fine-scale bur-
rowed texture of the sediment. Macrofossils are scarce in this facies
with the exception of corroded auloporid coral material and pelma-
tozoan debris. Heckel (1973) recorded the occurrence of a cluster of
the articulated rhynchonellid brachiopod Tullypothyridina within a
burrow in the Smyrna Bed at West Brook, 5.2 km south-southeast of
Sherburne. Although “grape clusters” of Tullypothyridina characteris-
tically occur in non-chamositic Smyrna Bed and Carpenter Falls Bed
deposits further west, later excavation into the Smyrna Bed layer at
West Brook and at other adjacent sections by the present authors
yielded no Tullipothyridina or any other brachiopod genera. This indi-
cates that macrofossils are rare in this facies, due to taphonomic
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corrosion and/or unfavorable bottom conditions, although not entire-
ly absent.

In the Columbus–New Berlin area, within the western part of the
New Berlin Basin, the chamosite is locally capped by thin, microbialite
crusts which directly underlie non-chamositic basinal shale deposits.
In a creek adjacent to Walt Phillips Road, 2.45 km southwest of Co-
lumbus, good stromatolitic texture occurs at the top of what appears
to be good Smyrna Bed chamosite in loose Tully blocks along the
creek (Figs. 7B and 10C); seen in thin section vertical profiles, scat-
tered chamositic ooids can be seen within this stromatolitic fabric
(Fig. 10C), and both larger-scale syneresis cracks and concretionary
siderite are well developed within the ooidal chamosite bed under
the microbialitic layer. Syneresis cracks are commonly interpreted
as the result of the contraction of swelling clay lattices due to salinity
changes, often beneath microbialitic mats (Plummer and Gostin,
1981; Pflueger, 1999), or, more recently, sudden sediment dewater-
ing as a result of seismic shaking (Pratt, 1998). Few fossils occur in
the ooidal chamosite or in the overlying stromatolitic layer at this lo-
cality; corroded remnants of auloporid coral networks and one spec-
imen of the chonetid Rhyssochonetes were the only taxa observed in
these units.

Smyrna Limestone sections, further west in the Tully Valley and
also in the Highland Forest Park, are composed of variably silty calcar-
enitic packstone–grainstone deposits that are variably bioturbated
sociated with the Late Middle Devonian Taghanic biocrisis in the type
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Fig. 9. Smyrna Bed in Tully clastic correlative succession. Locality sequence shown includes: A, Un-named gully south of Bingham Road 2.45 km northwest of Columbus, NY (Sherburne
7.5′ Quadrangle). Photomicrograph 10 A is from the Smyrna Bed at this section; B, un-named creek west of Winton Road and 2.7 km west-southwest of Columbus, NY (Sherburne 7.5′
Quadrangle); C, un-named creek southeast of Balcom Hill Road, 3.2 km south-southeast of Columbus, NY (Sherburne 7.5′ Quadrangle); and D, northwest-flowing tributary of Wharton
Creek, 1.3 km south of Pittsfield, NY (NewBerlin North 7.5′Quadrangle) . Lettered units include; a, uppermost (SpezzanoMember equivalent?) division of CooperstownMember yielding
Alanella and Spinocyrtia; b, Cooperstown Member siltstone suffused with diagenetic, under-bed siderite related to proximity of sub-Tully contact; c, massive, bioturbated (Fabius Bed
equivalent?) siltstone bed in lower Tully Formation succession; d, flaggy shale-siltstone facies in lower Tully “Laurens Member” succession; e, sub-Smyrna Bed erosion surface;
f, lower Smyrna, non-chamositic, auloporid-pelmatozoan debris-rich limestone bands and noduleswithin chamosite; j, bioturbated siltstonewith lean chamosite and bioclastic limestone
nodules yielding auloporids, rugosans, Tullypothyridina and Rhyssochonetes; k, barren, flaggy shale-siltstone interval in medial Tully Formation succession. (Adapted from Baird et al.,
2003).
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(Figs. 2, 5, 10D, E). Clusters of Tullypothyridinamixed with C. mesocos-
tale are present locally within burrow systems, and auloporid corals
are common, indicating modest faunal diversity in this unit. Carbon-
ate clasts include degraded pelmatozoan ossicles and unidentifiable
clasts of cryptocrystalline carbonate which were interpreted by
Heckel (1973) as physically abraded and comminuted material
which had been repeatedly buried and reworked in an agitated set-
ting. Long-term winnowing of metastable carbonate debris on the
Smyrna submarine platform, coupled with episodes of diagenesis
(syntaxial recrystallization) and mechanical abrasion, would have
produced numerous clasts of unidentifiable origin (Heckel, 1973).
Heckel (1973) also entertained the idea that some of this carbonate
could have been the result of direct inorganic precipitation (“whit-
ings”) from the water column, a process documented from several
tropical carbonate platforms settings (Cloud, 1962; Shinn et al.,
1989), and likely facilitated by the proposed physio-chemical water-
mass mixing front associated with the pycnocline (Fig. 6).

Heckel (1973) recorded significant ooidal chamosite in the Smyr-
na Bed as far west as a roadcut section along Dugway Road, 4.7 km
northeast of Sheds, New York. At this section, a mixture of abraded
or corroded pelmatozoan ossicles, polycrystalline clasts of uncertain
origin, and ooidal chamosite grains is observed (Fig. 10D). A signifi-
cant number of carbonate grains display coatings and overgrowths
of chamosite such that the grains are not discoidal, but shape-
controlled by the enclosed clast nucleus. This indicates that the Dug-
way Road section records conditions marginal to good chamosite de-
velopment. Baird and Brett (2003b) and Baird et al. (2003) later
found some chamosite still further west at the top of a 5–8 cm-thick
condensed bed at the top of the Carpenter Falls Bed along Wormwald
Road on the east side of the Tully Valley, 4.9 km south-southwest of
Tully, New York (Fig. 10E). At this section, very dilute chamosite is
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associated with a 1–2 cm-thick stromatolitic crust and associated
syneresis development at the top of this condensed bed. Chamositic
grains within the microbialite crust do not display good internal la-
mellar structure. Moreover, they appear to be replacements of angu-
lar clasts which may represent fecal pellets (Fig. 10E). The authors
sampled the thin, top-Carpenter Falls Bed stromatolitic crust docu-
mented by Heckel (1973) at Kashong Creek at Bellona, New York
(Fig. 4C). No chamosite was found at this locality, although numerous
polycrystalline grains of unknown origin occur within this microbia-
lite layer.

4.5. Moravia Bed chamosite occurrence

A thin dilute carbonate or calcareous siltstone bed yielding black,
flat, discoidal to irregular grains resembling chamosite is developed
in the upper Tully between the village of Sherburne Four Corners on
the west side of the Chenango Valley eastward to sections in the Una-
dilla Valley. This layer closely overlies the Bellona Bed and it appears
to either represent a condensed phase of the lower part of the Mora-
via Bed or the entire Moravia Bed. In the Chenango Valley, this
6–14 cm-thick bed contains small corals, phosphatic nodules, and
the dark, disk-shaped grains in an intensely bioturbated fabric.
Above this unit is an abrupt upward change to a green-gray fissile
shale unit yielding few fossils which apparently coeval to topmost
Tully carbonate deposits observed west of the Chenango Valley.

Further east, near Columbus, this layer becomes thinner, but sig-
nificantly richer in the chamosite disks. Moreover, the top contact of
this bed with the overlying barren, fissile shale becomes knife sharp.
At one locality, 0.6 km west of Walt Phillips Road and 2.8 km south-
west of Columbus, this chamositic bed is capped by complex domal
stromatolitic growths which extend into the base of the succeeding
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
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Fig. 10. Chamosite microstructure as viewed in thin sections (All scale bars equal one millimeter). A, Maximal expression of Smyrna ooidal chamosite as seen in a small gully south of
Bingham Road, 2.45 km northwest of Columbus, New York and 8.3 km east-northeast of Sherburne, NY (Sherburne 7.5′ Quadrangle). Chamosite is developed as greenish, yellow-
brown accretionary overgrowths centered on nucleus clasts; B, Diffuse chamositic ooids in bioturbated calcareous mudstone beneath a microbialite crust at a section at the junction of
PA routes 220 and 405 in Hughesville, Pennsylvania (Hughesville 7.5′ Quadrangle). This layer is believed to be a regional expression of the Smyrna Bed within the Central Pennsylvania
Basin (see text); C, ooidal chamosite within stromatolitic layer illustrated in Fig. 7 B. Note the distribution of ooids in bands parallel to the microbialitic laminae; D, Incipient chamosite
developmentwithin Smyrna Bed calcarenite as observed in a section along DugwayRoad 4.7 kmnortheast of Sheds, NY (Erieville 7.5′Quadrangle). Note that chamosite is developed only
as peripheral crusts on carbonate and quartz clasts; E, Incipient chamosite development within a stromatolitic capping layer at the top of the Carpenter Fall Bed along Wormwald Road
near its junctionwith NY Route 11 at the east side of the Tully Valley, 4.9 km south-southwest of Tully, NY (Tully 7.5′Quadrangle). Note the irregular shape of several grains as well as the
resemblance of certain grains to coprolites; F, Generalized, eastward, spectral gradation of Smyrna Bed calcarenite to an ooidal chamosite phase across central New York. Note also the
eastward (downslope) transition of robust chamositic ooids, seen at the Sherburne meridian, to flattened (compressed) disks within lean chamositic basinal deposits in the axis of the
New Berlin Basin (see text).
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shale unit. The chamosite-bearing layer is characterized by corroded
limestone clasts in a matrix composed of chamosite disks and silt-
stone along creeks south of Columbus. Still further to the southeast
near New Berlin and Pittsfield, this layer thickens into a massive
ledge of siltstone and the chamosite becomes gradually more dilute
before disappearing in sections.

5. Chamosite stratinomy

Given that Tully chamosite occurs at numerous stratigraphic levels
and that chamosite at each level can be seen inmultiple localities, several
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generalizations can be made concerning its occurrence in sections; pro-
ceeding from micro- to macroscale, these include: 1, chamosite grains
usually occur as black, sometimes shiny, discoidal grains displaying opti-
cally greenish, concentric lamellae around a nucleus particle; 2, chamosi-
tic discoidal grains are randomly oriented within ooidal concentrations;
3, chamositic grains are usually mud- or carbonate-supported; 4, Beds
containing significant chamositic grains are intensely bioturbated and
that orientation of discoidal grains is controlled by bioturbation micro-
fabric; 5, chamosite is usually closely associatedwith diagenetic siderite;
6, where siderite and chamosite overlap, chamosite enclosed by siderite
is uncompacted indicating that the siderite precipitation most likely
sociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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Fig. 11. Part of newly discovered long section associated with two adjacent, northwest-flowing ravines, 0.9 km south-southeast of Garrattsville, NY (Edmeston 7.5′ Quadrangle)
showing Cooperstown-into-basal TFCCS interval. These ravines are not adequately displayed as flowing gullies on the map. This section shows both basal and top contacts of
the lower (pre-Tully) division of the New Lisbon Member which is herein labeled “New Lisbon” on column. Because the New Lisbon Member, as originally defined by Cooper
and Williams (1935), is now found to display, respectively, two divisions, the lower one pre-Tully, and the upper one within the basal TFCCS, we provisionally restrict the term
New Lisbon Member to the lower division only (see text). Note the occurrence of Tullypothyridina and chamosite in basal New Lisbon beds (above the discontinuity lag beds mark-
ing the base of the New Lisbon) and the occurrence of rare Rhyssochonetes near the top of the unit. This locality displays the most complete Moscow Formation-lower Tully suc-
cession observed in New York State. Fossils shown are keyed to symbols in Fig. 2. DHF = Diverse Hamilton Fauna. The stippled symbol on the left denotes a major transgressive
interval between the top-Sheds coral bed and the lower part of the New Lisbon Member; this is characterized by several diastems recording stepwise marine deepening and over-
spread of dysoxic bottom conditions. Chamosite occurs at three levels in this interval (see text). (Figure adapted from Baird and Brett, 2008).
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occurred shortly after chamosite grain formation, but that both formed
significantly earlier than compactional sediment dewatering; 7, chamo-
site is often associated with syneresis crack systems and microbialitic
(thin stromatolitic) crusts; 8, where microbialitic stromatolites are asso-
ciated with chamosite, they cap ooidal beds and directly underlie non-
chamositic, often terrigenous, transgressive facies; 9, beds of concentrat-
ed ooidal chamosite yield low diversitymacrofossil assemblages; 10, cal-
careous macrofossils within chamositic beds are usually fragmental and
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often corroded; 11, chamosite often occurs in regionally mappable beds
between coeval limestone and siliciclastic phases of each given layer; 12,
chamosite is closely associated with condensed beds and reworked lag
deposits above submarine unconformities; 13, some chamosite accumu-
lations appear to be developed in dysoxic, basinal facies; 14, several cha-
mositic beds are seen to occur in a stepwise sequence of discrete,
condensed lag deposits, recording transgressive backstepping from ne-
ritic to basinal conditions; 15, chamosite is preferentially associated
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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Fig. 12. Lower end of section 1.6 km northeast of New Lisbon, NY along Otto Stahl Road. This is Cooper and Williams (1935) type section of the New Lisbon Member. It displays the
top of the lower part of the pre-Tully New Lisbon succession (herein labeled “New Lisbon” on column). The former upper part of New Lisbon (“Otto Stahl” Road quarry sandstone
beds), above the chamositic discontinuity layer, is now included in the basal interval of the TFCCS (see text). Note the occurrence of Tullypothyridina, Rhyssochonetes, and Emanuella
in the base-TFCCS discontinuity lag layer and the dominance of Camarotoechia mesocostale in the succeeding 8-meter sandstone interval. Fossils shown are keyed to symbols in
Fig. 2. (Figure adapted from Baird and Brett, 2008).
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with the Taghanic biocrisis succession in the Taghanic type area. These
generalizations provide critical background for assessing models for its
origin in the Taghanic succession.

6. Formation of chamosite

Chamosite is usually an optically greenish, diagenetic phase of
chlorite which has been observed in a variety of inferred paleoset-
tings, but in distinctly fewer modern environments. Due to a paucity
of modern analogs, the origin of ooidal chamosite is poorly under-
stood. However, some generalizations concerning its mode of forma-
tion can be made. Numerous workers have cited sediment-starvation,
reducing conditions, and warm humid climates as favorable settings
Please cite this article as: Baird, G.C., et al., Genesis of unusual lithologies as
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for chamosite development (Huber and Garrels, 1953; Maynard,
1986; Kim and Lee, 2000), but see Rehrlich et al. (1969) for an exam-
ple of chamosite formation under cool conditions. Similarly, some
workers have argued that proximity to shorelines, particularly deltas
is critical for development of a sufficient source of Iron in the chemi-
cal system to support the formation of this mineral (Hallam, 1966;
Porenga, 1967; Rehrlich et al., 1969). This latter observation is rele-
vant to the present study in that the chamositic beds herein discussed
occur differentially in marine deposits somewhat proximal to the del-
taic coastline system of the Catskill Delta complex. Chamosite grains
sometimes occur as spherical ooids and occur in grain-supported con-
centrations reflecting probable surface transport of diagenetic grains
to form ferruginous oolite shoals (Akande and Mücke, 1993; Mücke,
sociated with the Late Middle Devonian Taghanic biocrisis in the type
laeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.11.010
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2006). However, chamosite is generally understood to be an early
diagenetic mineral which forms in weakly reducing, near-surface
deposits.

Arno Mücke, analyzed numerous different chamosite and related
ironstone deposits and modeled the formation of early diagenetic
chamosite in a geochemical context (see Mücke, 2006). In this
model, chemical weathering of terrestrial hinterland silicates leads
to a supply of transported kaolinite as well as ferric oxides and hy-
droxides to marine waters. Accumulation of these products with or-
ganic matter in a variety of coastal settings produces a protolith that
is subsequently acted upon by diagenetic processes. Rapid bacterial
consumption (oxidation) of near-surface organic matter leads to
early development of weakly reducing post-oxic interstitial condi-
tions. Availability of Fe, combined with the extraction of Ca and Mg
from the overlying seawater, provides a critical condition for the pre-
cipitation of lamellar, ooidal chlorite (chamosite) phase, and, often, a
smaller volume of idiomorphic, “rice grain” textured siderite. Contin-
ued bacterial oxidation of remaining organic matter leads to onset of
sulfidic conditions with the formation of framboidal pyrite, followed
by strongly reducing conditions characterized by the formation of
later diagenetic, massive, xenomorphic siderite. Key evidence for
this petrographically would be temporal cross-cutting of chamosite
by framboidal or massive pyrite and by concretionary siderite (in
the form of partial to complete replacement of chamositic clasts).

Mücke (2006) illustrated examples of chamosite in certain forma-
tions and systems which had been secondarily ferruginized to ferric
oxides and hydroxides (hematite and goethite) to form oolitic iron
ores. Some of this later oxidation was related to secondary reworking
of chamosite as detrital grains under oxic conditions. In contrast, Tully
chamosite is always black in color, usually mud-supported, and gen-
erally characterized by pristine interior laminations. This suggests
that Tully chamosite both formed in-, and remained within, intersti-
tial reducing environments. This is also suggested by the random ori-
entation of chamosite disks within thoroughly bioturbated Tully
muds; the chamosite may have been reoriented during its formation
by the displacing action of burrowers. The model of Mücke (2006)
also positively links the amount of later diagenetic, methanic siderite
to the amount of consumed organic matter in the original sediment;
the more organic matter buried or otherwise fluxed into the sediment
by burrowers, the more siderite produced (Mücke, 2006). It is signif-
icant that most of the diagenetic siderite is associated with chamosite
in basinal deposits of the New Lisbon Member where dysaerobic
faunas (C. mesocostale of the “Leiorhynchus” biofacies) were devel-
oped (Baird and Brett, 2008). This basinal setting would have favored
the downward diffusion of organic matter into burrowed surface
muds to produce post-oxic conditions below the sediment–water in-
terface followed by later methanic bacterial activity. Given that cha-
mosite requires a protolith of weathering-derived kaolinite and
ferric oxides and hydroxides, it is suspected that times of chamosite
genesis would require both warm and humid paleoclimatic condi-
tions in source hinterland regions. Rapid evolution of land plants
and the spread of the first multistory forests both prior to, and during,
the Taghanic biocrisis suggest the presence of humid conditions
which would have led to increased chemical weathering of source
terrains with consequent protolith supply to basins (Algeo et al.,
1995; Algeo and Scheckler, 1998; Bartholomew, 2002); however,
work by others shows that at least some portion of Tully deposition
likely corresponded to an arid paleoclimatic interval (Marshall et al.,
2010).

7. Synthetic model for Tully carbonate and ooidal chamosite
genesis

Baird et al. (2010) argued that Taghanic chamosite formed within
near-surface sediments associated with periodically or pervasively
oxygen-starved marine settings. This is particularly true for
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chamosite observed in the New Berlin and central Pennsylvania ba-
sins where facies context is distinctly basinal. However, for Smyrna
Bed chamosite genesis, a range of paleosettings, ranging from shelf
to basin, is indicated. Baird et al. (2010) evoked upwelling as a possi-
ble mechanism to explain the ooidal chamosite acme on the Sher-
burne High; cooler, nutrient-rich water from the epicontinental
basins would have been driven by currents and abetted by winds to
rise from the New Berlin Basin to produce a belt of upwelling coinci-
dent with the Tully Platform eastern margin (Fig. 6A). This, in turn,
would have periodically created zones of bottom hypoxia along and
east of the Sherburne High which would have killed off macrofauna
and effected sediment diagenesis in complex ways. Extreme
sediment-starvation, repeated phases of bioturbation, bottom coloni-
zation, and oxidation of organic matter would have favored the for-
mation of ooidal chamosite and corrosion of biogenic skeletal
carbonate. Westward change from chamosite to calcarenite within
the Smyrna Bed would have reflected limits to the reach of hypoxic
conditions west of the Sherburne High.

Zambito et al. (in press) and Baird et al. (herein) present an alter-
native synthetic model to explain the dominance of Taghanic lime
mud carbonate, the incursion of the Old World Realm Tully Fauna,
and the occurrence of chamosite (Fig. 6B). In this model, the incursion
of the Tully Fauna onto the Tully Platformwas the result of an episode
of climatic warming which resulted in transgressive connection of
marine basins and displacement of the cooler water Hamilton Fauna
to as-of-yet unknown, though probably higher southern latitude refu-
gia , with synchronous incursion of Old World Fauna taxa into the
study area (Johnson, 1970; Johnson et al., 1985; Boucot, 1988;
Hüneke, 2006, 2007). Coupled with this transgression would have
been increased basin eutrophication possibly due to enhanced nutri-
ent flux associated with increased terrestrial weathering associated
with the spread of plants at this time (Algeo et al., 1995; Algeo and
Scheckler, 1998; Bartholomew, 2002).

Given this pattern of paleoclimatic warming, transgressive con-
nection of basins, and the southward advance of tropical organisms,
the present authors favor a variant of the estuarine circulation
model of Algeo et al. (2008). In this scenario, the Tully epicontinental
sea was vertically stratified with warm, dense, saline water below a
surface layer of distinctly less saline and lower density water. The
lower water layer would have been variably dysoxic owing to the
stratification. Stratification would have been maintained by the
(paleo)northward flow of densely saline, warm water from hypersa-
line lower latitude settings on the North American continent (Day,
1996; Witzke and Bunker, 1996). The lower salinity watermass, orig-
inating from fluvial runoff from the Catskill Delta, would have flowed
over this denser layer, creating a regional pycnocline (Fig. 6B). As the
denser layer would have occupied deeper water settings, these areas
would have had a variably restricted circulation and would have sup-
ported low diversity portions of the Tully Fauna. Where the upper
layer prevailed on the shelf, nutrient circulation and oxygenation
would have been better, supporting the more diverse Hamilton
Fauna. Where the saline wedge terminated against the counter flow
of the upper layer, a mixing front would have developed where the
biofacies would change downslope at the boundary (Zambito et al.,
in press; Figs. 5 and 6B). It is possible that the volume of lime mud
(micritic limestone) observed within the Tully overall, in part, reflects
direct precipitation of carbonate from the water column from the su-
persaturated warm water layer or from the interaction of the two
layers along the pycnocline or at the mixing front.

This stratified water mass condition is believed to have prevailed
during early and medial Tully deposition when the New Berlin and
central Pennsylvania basins were well developed (Figs. 5 and 6B).
The lower, dense water layer is envisioned to have occupied both
the Tully Platform and New Berlin Basin with a strong southward
(shoreward) flow; it is reconstructed as having flowed southward
over the Sherburne High to spill basinward into the western part of
ssociated with the Late Middle Devonian Taghanic biocrisis in the type
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the depocenter (Fig. 6B). As benthic biotas improve eastward across the
New Berlin Basin at several stratigraphic levels, it is suspected that the
dense, saline water was dynamically stopped along the west-facing,
eastern slope of that basin at the hypothetical mixing front (Figs. 5
and 6B). It is significant that a diverse assemblage of bottom taxa (the
brachiopods Pseudoatrypa, Spinatrypa, Tylothyris,Mucrospirifer tulliensis,
Cyrtina, Tullypothyridina, Echinocoelia, Strophodonta, bivalves, cryptos-
tome bryozoans, and conulariids) is developed in strata equivalent to
the Smyrna Bed on the neritic, eastern Tully, clastic shelf near the
Oneonta meridian (Cooper and Williams, 1935; Baird et al., 2003;
Baird and Brett, 2008). This biota, though containing several non-
Hamilton Fauna genera, appears to represent healthy neritic bottom
conditions in dramatic contrast to assemblages observed in lower and
medial Tully carbonate facies across the similarly neritic Tully platform
further west.

To what degree the two models, herein presented, are valid, is, as
yet, unknown. However, both the vertical biotic shifts between the
Hamilton and Tully faunas coupled with this lateral east–west faunal
contrast between Smyrna carbonate/chamosite facies and shoreward
Smyrna Bed-equivalent deposits, clearly shows that a strong correla-
tion between Taghanic bioevents and correlative lithofacies changes
can be established. Ongoing carbon and oxygen isotopic analyses of
these classic sections (Zambito, et al., 2011, in prep) should produce
a much more detailed temperature curve and understanding of the
carbon-cycle for the type Taghanic succession; this may produce sur-
prises that would shed light on specific events in this strange time-
slice.

8. Conclusions

Lithologic anomalies in the type Taghanic (Tully Formation) succes-
sion, including development of massive limemud carbonate lithofacies
and unusual ooidal chamosite deposits, are timed with temporal biotic
changes linked to widespread (global?) Taghanic bioevents. Massive
Tully limestone deposition on the neritic Tully platform in western
and central New York State contrasted with the deposition of much
thicker, ribbon limestone or thin, tabular siltstone bed (turbidite?) suc-
cessions in deeper-water, peripheral troughs (New Berlin and central
Pennsylvania basins) adjacent to the platform. The ooidal chamosite,
characterized by sand-granule-sized, black, discoidal, mud-supported
grains, displaying greenish interior accretionary laminations, is closely
associated with thin, condensed, bioturbated lag deposits which overlie
discontinuity surfaces. This chamosite, which occurs at more than five
stratigraphic levels in the Taghanic succession, was deposited in shelf,
slope, and basin settings in association with minimally oxic to strongly
dysoxic bottomwaters. Ooids formed in aweakly reducing post oxic in-
terstitial setting which was locally followed by iron- and sulfate reduc-
ing conditions leading to later diagenetic concretionary siderite and
pyrite formation. Chamositic ooids were rarely, if ever, reworked at
the sediment–water interface, but were probably extensively reor-
iented by intensive burrowing activity. Microbialitic stromatolites
sometimes occur within- or on the topmost ooid accumulations; they
record maximal, transgressive sediment-starvation, typically prior to
accumulation of onlapping basinal sediments. In the New Berlin Basin
in east-central New York, the upward transition from pre-Taghanic
(topmost Hamilton Group) neritic shelf deposition into basinal lower
Taghanic deposits of theNew LisbonMember, ismarked by a succession
of increasingly basinal, diastem-bounded units recording transgressive
backstepping as the basin deepened. Chamosite is closely associated
with condensed lag deposits associatedwith these diastems and ismax-
imally developed in themost transgressive, dysoxic (upper) part of this
succession in association with initial, deeper-water, incursion of por-
tions of the Tully Fauna. Both the abundance of Tully carbonate and
the repeated accumulation of ooidal chamosite are suggestive of
warm, episodically wet, paleoclimatic conditions allowing for global
marine transgression, warm water incursion from the tropics, and
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significant terrestrial weathering to supply critical dissolved and detri-
tal components to support chamosite formation.

Southward incursion of the Tully Fauna across the neritic Tully
platform and associated deposition of lower-medial Tully carbonate
facies is herein believed to be due to development of water mass
stratification owing to southward advance of dense, warmer, highly
saline water from the cratonic interior below a counter flow of less
dense, surface water which was influenced by the output from coastal
rivers. Low diversity of lower-medial Tully Limestone (Tully Fauna)
assemblages, coupled with accumulation of Smyrna Bed chamosite
on the Sherburne High, suggests that this water stratification may
have created pervasive shelf dysoxia, oligotrophic conditions, and/or
other forms of bottom stress. Observed eastward (shoreward) transi-
tion within the Smyrna Bed from nearly barren chamosite in the
western part of the New Berlin Basin to richly fossiliferous, non-
chamositic, neritic deposits in eastern New York, suggests that the
counter flow of oxygen-rich and nutrient-rich, lower salinity water
had prevented the lower water layer from reaching the eastern
Tully shelf. Ongoing isotopic work is directed to detailed isotopic
analysis of sections, not only to better link area vertical biotic and lith-
ologic changes to the known global paleotemperature curve, but to
identify key excursions not recorded in sections elsewhere which
may be closely matched to the strange deposits and events discussed
here.
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