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Ab stract: A new palaeopalynological in ves ti ga tion was con ducted on 15 sam ples from four test-pits at the Gray
Fos sil Site (Bear Pit, El e phant Pit, Test Pit 2-2010, and Rhino Pit). In to tal, 50 morpho-spe cies of miospores
(in clud ing five spe cies of spores, eight spe cies of gym no sperm pol len, and 37 spe cies of an gio sperm pol len) and
18 morpho-spe cies of fresh wa ter al gal mi cro-re mains were iden ti fied. One new mor pho log i cal spe cies, re lated to
zy go spores of the Zygnemataceae, Stigmozygodites grayensis sp. nov., is pro posed. The as sem blage of fos sil al gae 
re cov ered pro vides in sights into the palaeoenvironmental con di tions of the up per most (125 cm) part of the Gray
Fos sil Site sed i men tary cover, de pos ited af ter the for ma tion of a num ber of sink holes, and the fill of the palaeo-
sinkholes. Most of the al gae iden ti fied pre fer meso- to eutrophic con di tions and are char ac ter is tic of stag nant to
slowly flow ing shal low fresh wa ter. There fore, the lac us trine fossiliferous sed i ments at the Gray Fos sil Site rep re -
sent pond de pos its. The palaeopalynological anal y sis re vealed dif fer ences in the com po si tion of the miospore and
al gal as sem blages of the pits stud ied, sug gest ing that the Test Pit 2-2010, Bear, and El e phant pits are sim i lar and
may have been formed in the same pond, while the pres ence of a higher per cent age of al gae in the Rhino Pit may
in di cate sed i men ta tion in a sep a rate wa ter body.
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IN TRO DUC TION AND GEO LOG I CAL SET TING

Lo cated in Wash ing ton County in the north east ern cor -
ner of Ten nes see in the USA, the Gray Fos sil Site (GFS)
rep re sents a rare Neo gene de posit in the east ern half of
North Amer ica and still the only fos sil site of this age in the
south ern Ap pa la chians. It has yielded a di verse ar ray of fos -
sils of both an i mals and plants (e.g., Zobaa et al., 2011;
Mead et al., 2012; Ochoa et al., 2012 and ref er ences cited
herein), which have pro vided an un usual win dow for an in -
sight into the con di tions of palaeo ec ol ogy, palaeoclimate,
and palaeobiogeography in the south east USA dur ing the
late Neo gene, a crit i cal tran si tion pe riod that wit nessed dra -
matic changes in cli mate and veg e ta tion (Cerling et al.,
1997; Zachos et al., 2008). The site was ini tially in ter preted
as the fills of a palaeosinkhole within the Cambro-Or do vi -
cian Knox Group (Shunk et al., 2006). Re cently, the study
of two palynological cores sug gested that the site is com -
posed of mul ti ple sink holes/sub-bas ins that could rep re sent
asyn chron ous events, pre serv ing mul ti ple ba sin-fill his to -

ries in sed i ments as old as early Palaeogene (Zobaa et al.,
2011). On the ba sis of a high-res o lu tion grav ity study of the
4000 m2 GFS area of the Cambro-Or do vi cian Knox Group
car bon ates, Whitelaw et al. (2008) de tected the pres ence of
11 depo-cen ters (or sub-bas ins) that are aligned along
northwest (joint) and north east (strike) struc tural trends.

The GFS de pos its ex tend lat er ally ap prox i mately
26,000 m2 and con sist of about 40 m of dark-col oured sed i -
ment of lac us trine or i gin (Shunk et al., 2006). The sed i ment
can be sub di vided into three dis tinct fa cies, named graded,
tran si tion, and lam i nated, in as cend ing or der (Shunk et al.,
2006). The over ly ing fossiliferous lam i nated fa cies is about
4 m thick, cov ered by subaerial al lu vium and col lu vium lay -
ers, more than 5 m thick (Shunk et al., 2006). The an i mal
and plant megafossils un cov ered are all from the or ganic-
rich, lam i nated sed i ments, which are biostratigraphically
dated as be tween 7.0 and 4.5 Ma, i.e. the Hemphillian Land
Mam mal Age (lat est Mio cene to ear li est Plio cene), on the



ba sis of the pres ence of the rhino Teleoceras and short-
faced bear Plionarctos (Wallace and Wang, 2004; Shunk et
al., 2006). The pres ence of lat er ally con tin u ous lam i nated
sed i ments that in clude well-rec og nized pe ri o dici ties in
rhythmites was fur ther in ter preted as rep re sent ing an nu ally
gen er ated varves that cor re spond to sea sonal vari a tions in
sed i men ta tion (Shunk et al., 2009). The re con structed Neo -
gene veg e ta tion at the GFS is a closed to open wood land
set ting with oak and hick ory trees, mixed with di verse ex -
otic climb ing vines and shrubs in a warm tem per ate to sub -
trop i cal cli mate (Gong et al., 2010; Liu and Jacques, 2010;
Ochoa et al., 2012). The as so ci ated fau nal taxa around and
in the sink holes are di verse and abun dant and in clude ta pirs, 
red pan das, Eur asian badg ers, as well as helodermatid liz -
ard, anu rans, sal a man ders, tur tles, al li ga tors, snakes, birds,
and oth ers (Parmalee et al., 2002; Wallace and Wang, 2004; 
Schubert and Wallace, 2006; Hulbert et al., 2009; Board-

man and Schu bert, 2011; Mead et al., 2012). In ad di tion,
sta ble iso tope anal y ses of bulk and se rial sam ples of fos sil
tooth enamel from all ungulates at the GFS sug gest mi nor
dif fer ences in sea sonal tem per a ture and/or pre cip i ta tion
(DeSantis and Wallace, 2008). To date, no palaeolimnolo-
gical re search has been con ducted on the char ac ter is tics of
the pond wa ters in the palaeosinkholes.

This pa per pres ents the re sults of a palaeopalynological
in ves ti ga tion on sam ples col lected from four fossiliferous
test-pits within the GFS. The main at ten tion is paid to the
oc cur rence of miospores and the as so ci ated or ganic-walled
al gal microfossils in the sam ples stud ied. The in ves ti ga tion
pro vides new data con cern ing the al gal com mu ni ties within
the GFS Neo gene wa ter bod ies and their sur round ing veg e -
ta tion, sup ple ment ing the knowl edge on palaeoenvironment 
and palaeo ec ol ogy of the site, as well as con di tions within
wa ter bod ies de vel oped within Neo gene sink holes.

52 E. WOROBIEC ET AL.

Fig. 1. Lo ca tion of Gray Fos sil Site (mod i fied af ter Liu and Jacques, 2010)

Fig. 2. A. Dis tri bu tion of iden ti fied sink holes on the gravimetric map of the Gray Fos sil Site of Whitelaw et al. (2008), mod i fied af ter
Ochoa et al. (2012). B. Four pro files of test-pits sam pled in the pres ent study (mod i fied af ter Ochoa et al., 2012)
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(* = 1–10, ** = 11–50, *** = 51–100, **** = more than 100). The pits are listed in or der, ac cord ing to their sim i lar i ties. Miospores taxa and bo tan i cal af fin -
ity ac cord ing to Stuchlik et al. (2001, 2002, 2009)

TAXON BOTANICAL AFFINITY
Test Pit
2-2010

Bear Pit
Elephant

Pit
Rhino Pit

SPORES

Foveotriletes sp. unknown *

Laevigatosporites sp. Polypodiaceae, Davalliaceae * *

Neogenisporis sp. Gleicheniaceae, Cyatheaceae *

Rudolphisporis major (Stuchlik) Stuchlik Anthocerotaceae * *

Stereisporites sp. Sphagnum *

other spores Pteridaceae?, other ferns? * * * *

GYMNOSPERMS

Abiespollenites sp. Pinaceae: Abies * *

Inaperturopollenites concedipites (Wodehouse) Krutzsch Cupressaceae: Taxodium, Glyptostrobus ** * * *

Inaperturopollenites dubius (Potonié et Venitz) Thomson et Pflug Cupressaceae: Taxodium, Glyptostrobus *

Piceapollis sp. Pinaceae: Picea * * *

Pinuspollenites spp. - Pinus sylvestris L. type Pinaceae: Pinus ** **** **** ****

Zonalapollenites spp. Pinaceae: Tsuga * **

ANGIOSPERMS

Aceripollenites sp. Sapindaceae: Acer * * * *

Alnipollenites verus Potonié Betulaceae: Alnus * * * *

Calystegiapollis sp. Convolvulaceae: Calystegia *

Caprifoliipites sp. Caprifoliaceae * *

Carpinipites carpinoides (Pflug) Nagy Betulaceae: Carpinus * *

Caryapollenites simplex (Potonié) Raatz Juglandaceae: Carya **** **** **** ****

Celtipollenites sp. Ulmaceae: Celtis *

Cercidiphyllites minimireticulatus (Trevisan) Ziembiñska-Tworzyd³o Cercidiphyllaceae: Cercidiphyllum * * *

Chenopodipollis stellatus (Mamczar) Krutzsch Amaranthaceae (incl. Chenopodiaceae) *

Corsinipollenites sp. Onagraceae * *

Cupuliferoipollenites oviformis (Potonié) Potonié Fagaceae: Castanea, Castanopsis, Lithocarpus * * *

Cyperaceaepollis neogenicus Krutzsch Cyperaceae ** * * *

Diospyrospollenites ovalis Skawiñska Ebenaceae: Diospyros * *

Faguspollenites sp. Fagaceae: Fagus * * * *

Graminidites sp. Poaceae: Pooideae * * * *

Ilexpollenites margaritatus (Potonié) Raatz Aquifoliaceae: Ilex * *

Intratriporopollenites cordataeformis (Wolff) Mai Malvaceae: Tilioideae *

Juglanspollenites verus Raatz Juglandaceae: Juglans cinerea L. type * * * *

Malvacearumpollis sp. Malvaceae: Malvoideae *

Myricipites sp. Myricaceae * * *

Nyssapollenites sp. Cornaceae: Nyssa * *

Oleoidearumpollenites sp./Fraxinipollenites sp. Oleaceae: Fraxinus? * * *

Parthenopollenites marcodurensis (Pflug et Thomson) Traverse Vitaceae: e.g. Parthenocissus * *

Periporopollenites stigmosus (Potonié) Thomson et Pflug Altingiaceae: Liquidambar * *

Potamogetonacidites sp. Potamogetonaceae: Potamogeton *

Quercopollenites sp. Fagaceae: Quercus **** **** **** ****

Salixipollenites sp. Salicaceae: Salix * *

Sparganiaceaepollenites microreticulatus Grabowska et Wa¿yñska Sparganiaceae * * *

Spinulaepollis arceuthobioides Krutzsch Santalaceae: Arceuthobium *

Thalictrumpollis thalictroides Stuchlik Ranunculaceae: Thalictrum *

Tricolporopollenites sp. Rosaceae? * *

Trivestibulopollenites betuloides Pflug Betulaceae: Betula * * * *

Tubulifloridites ambrosiinae Nagy Asteraceae: Ambrosia * * *

Tubulifloridites granulosus Nagy Asteraceae: Asteroideae ** * ** *

Ta ble 1

Semiquantitative dis tri bu tion of re cov ered palynomorphs in the pres ent study



MA TE RIAL AND METH ODS

A to tal of 15 sam ples were col lected from four test-pits
(Bear Pit, El e phant Pit, Test Pit 2-2010, and Rhino Pit) at
the GFS (Figs 1, 2). All the sam ples were taken from the
fossiliferous lam i nated fa cies, as il lus trated in Fig. 2B. Sam -
ples for palynomorph anal y sis were pre pared by means of a
mod i fi ca tion of Erdtman’s acetolysis method, us ing HF to
re move the min eral mat ter (Faegri and Iversen, 1975;
Moore et al., 1991), and were rinsed in a 5-µm fil ter cloth.
The mi cro scope slides were made, us ing glyc er ine jelly as a
mount ing me dium and cover-slips 24 × 24 mm. The rock
sam ples, palynological res i dues, and slides are stored in the
W. Szafer In sti tute of Bot any, Pol ish Acad emy of Sci ences,
Kraków, Po land.

Five to seven slides were made from each sam ple. De -
pend ing on the abun dance of palynomorphs, one to seven
slides from each sam ple were ex am ined in de tail, count ing
more than 200 miospores plus all the or ganic-walled al gal
microfossils en coun tered. Data from all spore-pol len spec -
tra were used to con struct pol len di a grams (Fig. 3A). The
per cent ages of par tic u lar taxa were cal cu lated from the to tal

sum of pol len grains and spores. The per cent ages of al gal
mi cro-re mains were com puted sep a rately in re la tion to the
to tal sum of miospores plus al gae, us ing the POLPAL com -
puter pro gram (Nalepka and Walanus, 2003). The rel a tive
pro por tions of palynomorph groups in all ex am ined sam ples 
were cal cu lated (Fig. 3B). Se lected mi cro pho to graphs of
miospores and al gal mi cro-re mains are shown in Fig ures 4–6.

RE SULTS OF SPORE-POL LEN
AND AL GAL ANAL Y SES

All of the stud ied sam ples yielded well-pre served paly-
nomorphs suit able for de tailed anal y sis. The re corded spec -
tra are rather poorly dif fer en ti ated and a to tal of 50 morpho-
spe cies from 45 gen era of miospores (in clud ing five spe cies 
of spores, eight spe cies of gym no sperm pol len, and 37 spe -
cies of an gio sperm pol len), as well as 18 morpho-spe cies
from 9 gen era of al gal mi cro-re mains were iden ti fied (Figs
4–6, Tab. 1). Be sides miospores and al gae, moss and fun gal
spores, frag ments of plant tis sues (in clud ing mosses) and
sporo carps of epi phyl lous fungi were re corded.
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TAXON BOTANICAL AFFINITY
Test Pit
2-2010

Bear Pit
Elephant

Pit
Rhino Pit

ANGIOSPERMS

Ulmipollenites sp. Ulmaceae: Ulmus ** * ** *

Umbelliferoipollenites sp. Apiaceae *

Vitispollenites sp. Vitaceae: Vitis ** ** * *

ALGAL MICROFOSSILS

Botryococcus braunii Kützing Chlorophyta: Botryococcus *

Dinocyst 1 Dinophyceae *** **** **** *

Leiosphaeridia sp. Prasinophyceae ** ** ** ****

Ovoidites elongatus (Hunger) Krutzsch Chlorophyta: Zygnemataceae: Spirogyra ** *** *** ****

Ovoidites grandis (Pocock) Zippi Chlorophyta: Zygnemataceae: Spirogyra * * * **

Ovoidites spriggii (Cookson et Dettmann) Zippi Chlorophyta: Zygnemataceae: Spirogyra * ** * ****

Ovoidites sp. Chlorophyta: Zygnemataceae: Spirogyra *

Pediastrum boryanum (Turp.) Menegh. Chlorophyta: Pediastrum *

Pediastrum integrum Nägeli Chlorophyta: Pediastrum **

Peridinium sp. Dinophyceae: Peridinium willei or P. volzii? * ** ****

Sigmopollis pseudosetarius (Weyland et Pflug) Krutzsch et Pacltová Chlorophyta?, other algae? * * *

Sigmopollis punctatus Krutzsch et Pacltová Chlorophyta?, other algae? ** * * **

Spintetrapidites quadriformis Krutzsch et Pacltová Chlorophyta **

Spintetrapidites sp. 1 Chlorophyta? *

Stigmozygodites mediostigmosus Krutzsch et Pacltová Chlorophyta: Zygnemataceae: Zygnema ** ** * ***

Stigmozygodites microfoveolatoides Krutzsch et Pacltová? Chlorophyta: Zygnemataceae: Zygnema? * * **

Stigmozygodites grayensis E. Worobiec sp. nov. Chlorophyta: Zygnemataceae: Zygnema ** *

Tetraedron minimum (A. Braun) Hansgirg Chlorophyta: Chlorococcaceae: Tetraedron *

EPIPHYLLOUS FUNGI

Microthyriales indiff. Ascomycota: Microthyriales * *** ** *

Number of pollen grains and spores counted 847 854 831 616 

Number of algal microfossils counted 236 370 427 4351 

Ta ble 1 continued

(* = 1–10, ** = 11–50, *** = 51–100, **** = more than 100). The pits are listed in or der, ac cord ing to their sim i lar i ties. Miospores taxa and bo tan i cal af fin -
ity ac cord ing to Stuchlik et al. (2001, 2002, 2009)
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Fig. 4. Spores and pol len grains from Gray Fos sil Site; one scale for all pho to graphs. A. Neogenisporis sp., Rhino Pit, depth 46 cm, B.
Pteridaceae?/Sal vin ia?, Test Pit 2-2010, depth 45 cm, C. Piceapollis sp., Rhino Pit, depth 10 cm, D. Abiespollenites sp., Rhino Pit, depth 0 
cm, E. Zonalapollenites verrucatus, Rhino Pit, depth 46 cm, F. Pinuspollenites labdacus, Bear Pit, depth 30 cm, G. Zonalapollenites
maximus, Rhino Pit, depth 10 cm, H. Inaperturopollenites concedipites, Test Pit 2-2010, depth 30 cm, I. Inaperturopollenites dubius, Test 
Pit 2-2010, depth 45 cm, J. Alnipollenites verus, Test Pit 2-2010, depth 45 cm, K. Ulmipollenites sp., Test Pit 2-2010, depth 45 cm, L.
Caryapollenites sim plex, Test Pit 2-2010, depth 45 cm, M. Cupuliferoipollenites oviformis, Test Pit 2-2010, depth 30 cm, N. Ilexpollenites 
margaritatus, Test Pit 2-2010, depth 30 cm, O, P. Quercopollenites sp. (same spec i men, var i ous foci), Bear Pit, depth 18 cm, Q.
Quercopollenites sp., El e phant Pit, depth 74 cm, R. Nyssapollenites sp., Test Pit 2-2010, depth 45 cm, S. Diospyrospollenites ovalis, Bear
Pit, depth 30 cm



In the ma te rial stud ied, the spores of ferns are very rare,
as only few spec i mens were found. Gym no sperms are rep -
re sented by Pinaceae, mainly Pinus sylvestris L. type (1.9–
37.7 % of pol len spec trum) and Tsuga (0–14.5%), as well as 
Cupressaceae (subfamily Taxodioideae – Taxodium/Glyp-
tostrobus type, 0–3.9%). More fre quent are pol len grains of
an gio sperms, with a strong dom i na tion of Quercus (14.0–
64.7%) and Carya (12.6–48.0%). Fre quen cies of other an -
gio sperm taxa, how ever, do not ex ceed 2.5–3.0%, ex cept
Vitis (up to 6.0%). Pol len grains of Ulmus, Juglans, Fagus,
Oleaceae (Fraxinus?), Alnus, Betula, Castanea/Castanop-
sis/Lithocarpus, Acer, as well as herbs of Cyperaceae, Poa-
ceae and Asteraceae (in clud ing Am bro sia) were also en -
coun tered reg u larly (Figs 4, 5).

Microfossils of fresh wa ter al gae are pres ent in all sam -
ples stud ied (Figs 5, 6). Their fre quen cies vary from 17.1%
up to 88.2%. Their com po si tion var ies among the pits, with
peridinioid dinoflagellate cysts and microfossils of green al -
gae be ing the most fre quent. Chlorophyta are rep re sented
mainly by the mor pho log i cal gen era Ovoidites and Stigmo-
zygodites, re lated to green al gae of the fam ily Zygnemata-
ceae – most prob a bly Spi ro gy ra and Zygnema. Ad di tion -
ally, some microfossils re lated to Prasinophyceae (Leio-
sphaeridia sp.) as well as Sigmopollis oc cur. Most of the
iden ti fied morpho-spe cies of al gal microfossils (ex cept
Pediastrum and Tetraedron) rep re sent their rest ing cells.

Palynological anal y sis re vealed dif fer ences in com po si -
tion of miospore and al gal as sem blages in the dif fer ent pits
(Fig. 3, Tab. 1). The pol len as sem blages from the Bear and
El e phant pits are the most sim i lar to each other (Fig. 3A).
Fre quen cies of co ni fers, de cid u ous trees and shrubs, herbs,
and al gae in both pits are also sim i lar (Fig. 3B). How ever, a
sub tle dif fer ence is seen be tween them in the com po si tion of 
the al gal as sem blages, in which Pediastrum integrum and
Peridinium are not pres ent in the Bear Pit.

In the Test Pit 2-2010 miospores are the most di ver si -
fied among the pits stud ied, rep re sented by more than 37
morpho-spe cies. When com pared to other pits, Test Pit
2-2010 has the low est fre quency in Pinus (1.9–4.6%), but
the high est in the Taxodioideae pol len (1.4–3.9%). More -
over, it con tains the high est fre quency in herbs, though less
than 10%. De spite the ab sence of Pediastrum integrum and
the pres ence of only four spec i mens of Peridinium, the
over all al gal as sem blages in the Test Pit 2-2010 are sim i lar
to those re cov ered from the Bear and El e phant pits, sug gest -
ing that all three pits may rep re sent the same pond (Fig. 2).

In the three pits men tioned above, the fre quen cies of al -
gal mi cro-re mains do not ex ceed 50% (16.3–28.4% in the
Test Pit 2-2010, 21.4–34.4% in the Bear Pit, and 17.5–
40.8% in the El e phant Pit). In con trast, sam ples from the
Rhino Pit are strongly dom i nated by al gal microfossils
(81.6–88.2%, rep re sented by 15 morpho-spe cies), among
which dinoflagellates (2500 spec i mens of Peridinium and
only 4 spec i mens of Dinocyst 1), and Zygnemataceae (Ovo- 
idites and Stigmozygodites) are the most dom i nant. Ad di -
tion ally, Spintetrapidites, Botryococcus, and Pediastrum
boryanum oc cur only in the Rhino Pit. The pres ence of
Tsuga pol len (3.4–14.5%) in the Rhino Pit is a pe cu liar fea -
ture of its miospore con tent. Pol len of Tsuga was not re -
corded from the Test Pit 2-2010 and the Bear Pit, and only

one spec i men was re cov ered from the El e phant Pit. There -
fore, it likely im plies that the Rhino Pit may rep re sent a
com pletely dif fer ent pond (Fig. 2).

NEW MOR PHO LOG I CAL SPE CIES
RE LATED TO ZYGNEMATACEAE

ZY GO SPORES

Phy lum CHLOROPHYTA Pascher, 1914
Or der ZYGNEMATALES Bessey, 1907

Fam ily ZYGNEMATACEAE Kützing, 1843
Ge nus Stigmozygodites Krutzsch et Pacltová, 1990

Type spe cies: Stigmozygodites multistigmosus (Potonié
1931) Krutzsch et Pacltová 1990

Stigmozygodites grayensis E. Worobiec new spe cies
Fig. 6A–C

Holotype: The Test Pit 2-2010, depth 45 cm, slide no. 5, po si tion stage 
co or di nates 41.5/83.5 (Fig. 6A, B). Paratype: The Bear Pit, depth 2 cm, 
slide no. 2, po si tion stage co or di nates 47.2/91.5 (Fig. 6C).
Et y mol ogy: The spe cific ep i thet grayensis re fers to the Gray Fos -
sil Site from where the microfossils were re corded.
Ma te rial: 18 spec i mens: 16 spec i mens from the Test Pit 2-2010
(eight spec i mens from the 30 cm depth sam ple, five spec i mens
from the 45 cm depth sam ple, and three spec i mens from the 60 cm
depth sam ple) as well as two spec i mens from the Bear Pit (one
spec i men from the 2 cm depth sam ple, and one spec i men from the
18 cm depth sam ple).
Di men sions: 52–61 µm in di am e ter.
Di ag no sis: Zy go spores spher i cal, cir cu lar in out line. Wall com -
posed of sev eral lay ers. The most ex ter nal and in ter nal lay ers
smooth and thin. Mid dle layer smooth, densely cov ered with dis -
tinct foveae.
De scrip tion: Zy go spores spher i cal, cir cu lar in out line, about 52–
61 µm in di am e ter. Wall com posed of sev eral lay ers. The most ex -
ter nal and in ter nal lay ers smooth and thin. Mid dle layer smooth,
densely cov ered with dis tinct foveae (about 4.0–5.5 µm in di am e -
ter and 2.5–4.0 µm apart).
Re marks: Com par i son: Stigmozygodites grayensis dif fers from
the mor pho log i cally near est spe cies S. zonostigmosus Krutzsch et
Pacltová mainly by more lay ers in its wall, dense cover of reg u -
larly dis trib uted dis tinct foveae, and big ger size. S. grayensis dif -
fers from S. mediostigmosus Krutzsch et Pacltová mainly by its
wall, which is com posed of sev eral lay ers.
Stigmozygodites grayensis dis tinctly dif fers from Cinctiporipo-
llis? sp. re corded from the Paleocene–Eocene de pos its at the GFS
(Zobaa et al., 2011), mainly in the spher i cal shape and its sev eral-
layer-wall struc ture. In con trast, Cinctiporipollis? sp. il lus trated
by Zobaa et al. (2011) is a flat form, closely re sem bling the zy go -
spores of an other zygnemataceous ge nus Debarya (see “Type 214: 
Debarya sp.”, pl. 7, fig. 214a–d in van Geel et al., 1989).
Bo tan i cal af fin ity: Mor pho log i cally these microfossils are closely 
re lated to the zy go spores of the re cent ge nus Zygnema, es pe cially
to e.g., Z. lamellatum (Rao) Krieger (see p. 154, figs 604–606 in
Kad³ubowska, 1972; p. 180, fig. 255 in Kad³ubowska, 1984), that
oc curs to day in Asia (In dia) and Af rica, and Z. pawneanum Taft
(see p. 166, figs 678, 679 in Kad³ubowska, 1972; p. 197, fig. 289
in Kad³ubowska, 1984), that oc curs to day in USA (Oklahoma,
Lou i si ana, Ohio, and Florida) and Af rica. It should be noted that
the mor phol ogy of these microfossils bears sim i lar i ties to a va ri ety 
of nem a tode eggs and cysts. It is dif fi cult to es tab lish un equiv o -
cally their as so ci a tion with al gal microfossils (see McConnell and
Zavada, 2013).
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Fig. 5. Pol len grains and al gal microfossils from Gray Fos sil Site; one scale for all pho to graphs. A. Corsinipollenites sp., El e phant Pit,
depth 23 cm, B, C. Parthenopollenites marcodurensis (same spec i men, var i ous foci), Test Pit 2-2010, depth 45 cm, D. Umbelliferoi-
pollenites sp., Bear Pit, depth 18 cm, E. Cyperaceaepollis neogenicus, Test Pit 2-2010, depth 60 cm, F. Graminidites sp., Test Pit 2-2010,
depth 60 cm, G. Tubulifloridites granulosus, Test Pit 2-2010, depth 75 cm, H. Tetraedron min i mum, Test Pit 2-2010, depth 60 cm,
I. Pediastrum integrum, El e phant Pit, depth 23 cm, J, K. Sigmopollis pseudosetarius (same spec i men, var i ous foci), Test Pit 2-2010, depth 
45 cm, L. Botryococcus braunii, Rhino Pit, depth 46 cm, M. Spintetrapidites quadriformis, Rhino Pit, depth 0 cm, N. Spintetrapidites sp.
1, Rhino Pit, depth 0 cm, O. Ovoidites sp., Test Pit 2-2010, depth 45 cm, P. Ovoidites elongatus, Test Pit 2-2010, depth 30 cm, Q.
Ovoidites grandis, El e phant Pit, depth 23 cm, R. Leiosphaeridia sp., El e phant Pit, depth 23 cm
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Fig. 6. Al gal microfossils and other non-pol len palynomorphs from Gray Fos sil Site; one scale for all pho to graphs. A, B. Stigmo-
zygodites grayensis sp. nov., holotype (same spec i men, var i ous foci), Test Pit 2-2010, depth 45 cm, C. Stigmozygodites grayensis sp. nov., 
paratype, Bear Pit, depth 2 cm, D, E. Stigmozygodites mediostigmosus (same spec i men, var i ous foci), Test Pit 2-2010, depth 45 cm, F, G.
Stigmozygodites microfoveolatoides? (same spec i men, var i ous foci), Rhino Pit, depth 0 cm, H, I. Peridinium sp., Rhino Pit, depth 0 cm, J.
Peridinium sp., Rhino Pit, depth 10 cm, K, L. Dinocyst 1 (same spec i men, var i ous foci), Bear Pit, depth 18 cm, M, N. Par a site egg? (same
spec i men, var i ous foci), Rhino Pit, depth 0 cm



Type lo cal ity: The Gray Fos sil Site, Wash ing ton County, north -
east ern Ten nes see, USA (36°22’13”N, 82°29’49”W).
Type level: Near the top layer of the lam i nated fa cies.
Strati graphic dis tri bu tion: Late Hemphillian (7–4.5 Ma, lat est
Mio cene to ear li est Plio cene).
De po si tion of types: De part ment of Palaeobotany, W³adys³aw
Szafer In sti tute of Bot any, Pol ish Acad emy of Sci ences, Kraków,
Po land. Slide col lec tion Gray Fos sil 3(5).

PALAEOCOMMUNITIES OF PLANTS
AND AL GAE AND THEIR

PALAEOENVIRONMENTAL
SIG NIF I CANCE

Pol len anal y sis has re vealed a sig nif i cant role of two
gen era – Quercus and Carya, as pre vi ously rec og nized
(Ochoa et al., 2012). These trees were the main com po nents 
of an oak-hick ory for est, with a small ad mix ture of other
plants, such as Ulmus, Juglans, Pinus, Vitis, among oth ers.
This pro vides par tial sup port for DeSantis and Wallace
(2008), who in di cated the pres ence of a C3 car bon fix a tion
dom i nated an cient lo cal flora, us ing sta ble iso tope anal y ses
of bulk and se rial sam ples of fos sil tooth enamel from all
ungulates at the GFS. The palaeocommunity ap pears to be
com pa ra ble to the mod ern oak-hick ory for ests in the east ern 
de cid u ous for est of North Amer ica (Braun, 1950). How -
ever, fos sil seeds and endocarps from the same pits sug gest
that the palaeoflora sur round ing the wa ter bod ies could not
be floristically com pa ra ble to the mod ern oak-hick ory for -
est, ow ing to the oc cur rence of nu mer ous ex otic plant gen -
era with strong East Asian af fin i ties, such as Sinomenium,
Vitis, Sargentodoxa, Illicium, and Carya (Gong et al., 2010; 
Liu and Jacques, 2010). The palaeovegetation as a whole in
the re gion might not have been able to reach its cli max as a
dense for est, mainly be cause it was fre quently un der dis tur -
bance by abiotic fac tors, such as for est fires, drought, and
large her bi vores (Jiang and Liu, 2008; Shunk et al., 2009;
Zobaa et al., 2011; Ochoa et al., 2012). It is fairly clear that
there is no mod ern veg e ta tion anal o gous to the palaeoflora.

On the ba sis of sedimentological cri te ria, Shunk et al.
(2006) in ter preted the GFS sed i ments as re cord ing storm
flow in fluxes into a palaeolake. Mul ti ple lay ers of silt and
clay, with less com mon lay ers of larger clasts, at test to a
pre dom i nantly low-en ergy aquatic en vi ron ment, one with at 
least some through-flow of wa ter (Mead et al., 2012). The
oc cur rence of fresh wa ter al gal mi cro-re mains in the stud ied
pits also sup ports the pres ence of wa ter bod ies de vel oped in
the pre-ex ist ing GFS karst sink holes. How ever, there were
no pol len grains of typ i cal aquatic plants re corded. More -
over, pol len grains of herbs that could have sur rounded the
wa ter bod ies (e.g., Cyperaceae, Poaceae, and Asteraceae) are
in fre quent. Ex cept for the dis cov ery of some swampy plant
macrofossils (Taxodium and Nyssa), aquatic plant re mains at
the GFS have not yet been re corded. The ab sence of aquatic
plants at the GFS might be re lated to the low wa ter qual ity,
ow ing to the high pri mary pro duc tiv ity of al gae (see dis cus -
sion be low and Dodson, 2005); while the rar ity of swampy
herbs could be at trib uted to a ‘dense’ clump plant cover sur -
round ing the palaeopond/lake that made the de vel op ment
nearby of ex ten sive her ba ceous veg e ta tion im pos si ble.

Spi ro gy ra and Zygnema (fil a men tous green al gae from
the fam ily Zygnemataceae, Chlorophyta) and dinoflagella-
tes (Peridinioids), as well as Prasinophyceae and Sigmopo-
llis, were ma jor com po nents of the al gal palaeocommunities 
re cov ered. Most of the iden ti fied al gae pre fer meso- to
eutrophic con di tions, and are char ac ter is tic of stag nant or
slowly flow ing shal low fresh wa ter (van Geel, 1976;
Worobiec, 2010, 2011, and lit er a ture cited therein). This ap -
pears to be con sis tent with the depositional en vi ron ment in
the palaeolake in ferred by Shunk et al. (2009), who con sid -
ered that the wa ter body might rep re sent a small lake with a
poorly ox y gen ated bot tom. Fur ther more, most rep re sen ta -
tives of al gae from the fam ily Zygnemataceae oc cur in small 
stag nant bod ies of wa ter, in paddy fields, near the mar gins
of lakes, some times also in moist soils or bogs (Kad³ubow-
ska 1972, 1984; van der Hoek et al., 1995; John son, 2005;
Naselli-Flores and Barone, 2009). These al gae re pro duce by 
means of var i ous “spores”, but in fos sil ma te rial only zy go -
spores (form ing dur ing con ju ga tion) and prob a bly aplano-
spores can be pre served (Kad³ubowska, 1972, 1984; van
Geel and Grenfell, 1996). In tem per ate cli ma tic con di tions
Zygnemataceae con ju gate in shal low (of ten less than 0.5
m), rel a tively warm wa ter. Dor mant hypnozygotes may be
ex posed to des ic ca tion (e.g., in sum mer) with out dam age to
the liv ing con tents (van Geel, 2001). The pres ence of these
rest ing cells in the pits stud ied sug gests that the sink hole
pond wa ter was shal low, per mit ting easy warm ing and pos -
si ble pe ri od i cal dry ing up. This sce nario con forms to the
warmer and drier cli ma tic con di tions de duced, quan ti ta -
tively re con structed by Liu and Zavada (2009) us ing plant
fos sils iden ti fied from the GFS. An other line of ev i dence for 
the warmer and drier palaeoclimate, pre vail ing in the re gion 
of east ern Ten nes see dur ing the late Neo gene, is the com -
mon oc cur rence of charcoals all over the fossiliferous lam i -
nated lay ers, con trib uted by for est fires (Jiang and Liu,
2008; Liu and Zavada, 2009). On the other hand, the pres -
ence of epi phyl lous fungi sporo carps in sam ples from all the 
pits stud ied (Tab. 1) and the palaeoclimatic re con struc tion
of the GFS fos sil flora (Liu and Zavada, 2009) likely in di -
cate a rather high mean an nual pre cip i ta tion (over 1000
mm) in the late Neo gene. It would be most prob a ble that the
higher pre cip i ta tion dur ing the wet test months made pos si -
ble the de vel op ment of the Microthyriales epi phyl lous
fungi, whereas dur ing the dri est months the wa ter bod ies in
the palaeosinkhole might have dried up and for est fires
could have oc curred.

Pediastrum al gae are com mon phytoplankton of lakes
and ponds and there fore are of sig nif i cance in palaeoenvi-
ronmental re con struc tion. For ex am ple, the ex tant Pedia-
strum boryanum gen er ally oc curs in eutrophic wa ters (Ko-
márek and Jankovská, 2001), while Pediastrum integrum
can be found mainly in oligotrophic and dystrophic wa ter
biotopes (Komárek and Jankovská, 2001). In ter est ingly, P.
boryanum al gae were re cov ered from the Rhino Pit,
whereas P. inegrum al gae were en coun tered in the sam ple
from the top of the El e phant Pit. This pro vides fur ther ev i -
dence that the two pits were formed un der a quite dif fer ent
environment, as pointed out above.

Gen er ally, al though the ex tant dinoflagellates are quite
com mon in ma rine en vi ron ments, fresh wa ter dinoflagella-
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tes are rep re sented by about 220 re cent spe cies and can be
valu able in de ter min ing wa ter con di tions (Bourrelly, 1970;
Herrmann, 2010; Mc Car thy et al., 2011). The ab sence of
Botryococcus al gae in the three pits and the sparse pres ence
in the Rhino Pit, as well as the si mul ta neous abun dance of
fresh wa ter dinoflagellates in all of the four pits (Fig. 3,
Tab. 1), pre sum ably in di cate a depositional en vi ron ment of
al ka line and prob a bly eutrophic wa ter con di tions (Herr-
mann, 2010). Ad di tion ally, the spe cies of Sigmopollis (with
un known bo tan i cal af fin ity) are as so ci ated with stag nant or
slowly mov ing shal low, mesotrophic to eutrophic, fresh wa -
ter con di tions (Pals et al., 1980; van Geel et al., 1983). Ow -
ing to the pres ence of di verse and abun dant aquatic and wa -
ter-lov ing an i mals at the GFS, for ex am ple over 80 ex tinct
ta pirs found at a sin gle pit (Mead et al., 2012), the rel a tively
small pond eas ily could have be come eutrophic. The al ka -
line con di tions fa cil i tated bone pres er va tion, whereas un der
acidic con di tions in ponds de vel oped within other Neo gene
sink holes, e.g. from Po land (Worobiec and Szulc, 2010;
Szulc and Worobiec, 2012), animal macrofossils are not
normally present.

CON CLU SIONS

The al gal as sem blages re cov ered from the four pits
strongly sug gest dif fer ences in de po si tion in sep a rate wa ter
bod ies (ponds), par tic u larly be tween the Rhino Pit and the
other three pits. This in ter pre ta tion is well in ac cor dance
with the re sults of pre vi ous in ves ti ga tions of this site, sup -
port ing the oc cur rence of mul ti ple sub-bas ins sep a rated by
el e vated bed rock blocks (Clark et al., 2005; Whitelaw et al., 
2008; Zobaa et al., 2011). In ad di tion, the dis tinct sporo-
morph as sem blages from these pits, fur ther re flects dif fer -
ences in the sur round ing veg e ta tion dur ing the de po si tion of 
par tic u lar infills. Pos si bly these dif fer ences might have cor -
re sponded to var i ous times of sed i men ta tion. The pol len as -
sem blages of the Bear and El e phant Pits show clear sim i lar -
i ties in composition, suggesting most similar ages of these
sinkhole infills.

The pres ent study dis tinctly en riches the list of the Neo -
gene sporomorph taxa re corded at this lo cal ity. The pol len
flora from the Neo gene sed i ments of the site in cludes trees
and shrubs, such as Pinus, Tsuga, Quercus, Carya, Ulmus,
Betula, Fraxinus, Celtis, Alnus, Salix, as well as herbs of
Ambrosia-type, Cyperaceae, Gramineae, Apiaceae (named
Umbelliferae), and Caryophyllaceae (Ochoa et al., 2012).
The pres ent study con firms the oc cur rence of these taxa and
re veals the pres ence of more than 30 other species.

The re sults also pro vide in sight into the palaeoenvi-
ronmental con di tions of the ponds, de vel oped in the pala-
eosinkhole. They were shal low fresh ponds with meso- to
eutrophic con di tions, due to shal low wa ter that eas ily might
have been warmed, and the wa ter bod ies might have dried
up pe ri od i cally. In ad di tion, al ka line con di tions in these
ponds would have helped to fa cil i tate bone preservation.
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