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Fossil burrows within newly recogaized buried soils in the Late Ordovician Juniata 
Formation, near Potters MiHs in central Pennsylvania, represent the oldest reported 
nonmarine trace fossils. They are thought to have been an original part of the soil 
because their greater density toward the top of the paleosoIs cornsponds with 
mineralogical, microstructural, and chemical changes attributed to ancient weathering 
and because about half the burrows are encrusted with nodular carbonate, interpreted 
as caliche. Associated fwsil caliche, the size distribution of the burrows, and their W- 
shaped backfills are evidence that the burrows may have been excavated by bilaterally 
symmetrical organisms that grew in well-defined growth increments and were able to 
withstand desiccation. Among well-known soil organisms, millipedes are burrowing 
animals that satisfy these requirements, but have a fossil record not quite this old. This 
trace fossil evidence for animals on land, together with recent palynological evidence 
for land plants of a bryophytic grade of evolution during Late Ordovician time, are 
indications of terrestrial ecosystems of slightly greater antiquity and complexity than 
hitherto suspected. 

u NDERSTANDING OF EARLY COM- 

munities on land has been based on 
the sparse fossil record of spores 

(I), plants (2), and arthropods (3). These 
kinds of fossils are preserved in reducing, 
waterlogged environments, either at or near 
where the organisms lived (4). Trace fossils, 
on the other hand, provide evidence of life 
activities in place within well-drained soil 
environments, where other kinds of fossils 
are not preserved. 

Numerous (5) fbssil soils (paleosols) con- 
taining abundant nonmarine trace fossils 
were recently recognized withii the Late 

Ordovician (6) Juniata Formation (7) near 
Potters Mills, Center County, Pennsylvania. 
Trace fossils have been known fiom this 
sequence for some time, but because these 
are coastal plain deposits it had been 
thought that the trace fossils were indicators 
of estuarine or marine incursions (8). This 
may be the case for other trace fossils in the 
Juniata Formation, but not for fossil traces 
from red beds east of Potters Mills, for the 
following reasons. On paleogeographic 
maps for latest Ordovician time (9), Potters 
Mills was some 260 km east of the sea. The 
upper Juniata Formation here consists of 

Fig. 1. Fossil burrows from Late Ordovician paleosols near Potten Mills, Pennsylvania. (A) In hand 
specimen, cracked open in bas-relief, showing surface striations and a hint of bilateral symmetry around 
a deep longitudinal groove. (B) Petrographic thin section of a burrow under crossed nicols showing 
dlipsoidal masses (dehed by black day skins), interpreted as kcal pellets. (C) Petrographic thin section 
under crossed nicols along axis of burrow showing W-shaped backfill structures. (D) Petrographic thin 
section under crossed nicols transverse to long axis of burrow showing bilaterally ymmctrical backtill 
structure. (A) is from A horizon and (C) and (D) are from Bk horizon of moderately developed 
paleosol; (B) is from A horizon of weakly developed paleosol. Scale bars, 1 mm. 

numerous channel-like sandstones, with bas- 
al scours, and trough and planar cross- 
bedding. These sandstones form the bases of 
sequences fining upward, characteristic of 
deposition by rivers (8, 10). No marine, 
lagoonal, or lacustrine fossils have yet been 
found in these rocks (8, 11). 

More convincing evidence comes from 
features indicating that the strata containing 
the trace fossils were soils. The trace fwils 
are most dense at the surfice and truncated 
at the top of the paleosols. Their increased 
density upward parallels the development of 
characteristic soil structure (12, 13) and 
microfabric (12, 14), the abundance of clay 
in the profile, the degree of degradation of 
mica and feldspar grains, and changing 
chemical composition attributed to ancient 
weathering (12). Some of the paleosols con- 
tain numerous small dolomitic nodules that 
form a subsurface horizon (12, 13). These 
nodules ensheath about half (15) the bur- 
rows in moderately developed paleosols, but 
are not present around less abundant bur- 
rows in weakly developed paleosols or in 
burrowless associated lacustrine facies. 
Comparable caliche takes hundreds to thou- 
sands of years to form in modem soils (16). 
These are indications that the burrows were 
a permanent feature of the soil rather than 
inherited from preexisting parent material or 
added after soil formation had ceased. 

The paleosols and their enclosing sedi- 
ments can be interpreted to reconstruct the 
paleoenvironmental setting of the trace fos- 
sils. Judgmg +m the depth of the caliche 
horizon (13, rainfall was within the semiar- 
id to arid range, and perhaps seasonal. The 
strong ferruginization of the paleosols is 
compatible with a warm, tropical to sub- 
tropical climate (18), although an origin of 
this red color by diagenetic dehydration of 
ferric oxyhydrate minerals cannot be ruled 
out (19). However, paleomagnetism (20) 
and marine fauna (21) of Late Ordovician 
rocks of this part of North America are 
compatible with tropical to subtropical lati- 
tudes. The palmsols formed on quartz-rich 
alluvial outwash of the Taconic Mountains 
to the east (9, 12). Within the paleosols 
there are no gley minerals that are suggestive 
of high water table, but one paleosol had 
what could be interpreted as a ground water 
calcrete a short distance (50 an in compact- 
ed paleosol) fiom the top (12) and just 
beyond reach of the deepest fossil burrows. 
These generally well-drained alluvial plains 
included two recognizable kinds of soils 
(22). Clayey paleosols with caliche nodules 
and abundant burrows represent slightly 
elevated parts of the floodplain that were 
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stable for at least a few thousand years. 
Sandy paleosols with abundant relict bed- 
ding and burrows, but no caliche nodules, 
represent terraces or other streamside land 
surfaces which were less well drained and 
younger than the clayey paleosols. 

Fossil burrows in the paleosols are rough- 
ly tubular and range in diameter from 2 to 
21 mm. They are most obvious when filled 
with materials that contrast with the soil 
matrix, such as red clayey material from the 
upper parts of the paleosol which fell into 
sandy, lower parts of the paleosol. The 
filling material of the burrows is, however, 
quite variable. In cases where the materials 
inside and outside the burrow are similar, 
burrows can still be distinguished by a thin 
zone of ferruginized clay, which is strongly 
grooved and smeared (slickensided) by com- 
paction of the surrounding soil (Fig. 1A). 
Many of the burrows are made more obvi- 
ous by encrusting caliche, which is usually 
just outside the red clay rim of the burrow. 
Ferruginized ovoid masses resembling fecal 
pellets fill some burrows (Fig. IB) .  Some 
burrows have alternating silty and clayey 
layers, transverse to the long axis of the 

burrow, forming a local W-shaped backfill 
(Fig. 1C). This backfill structure is also 
bilaterally symmetrical in cross sections of 
the burrows (Fig. ID) .  

In order to gain an appreciation of the 
three-dimensional distribution of the bur- 
rows, large blocks of matrix containing bur- 
rows were cut into parallel slabs at approxi- 
mately 1-cm intervals, and the distribution 
of burrows in the slabs was plotted (Fig. 2) .  
There is some variation in the thickness of 
the burrows along their length. In the sur- 
face horizons of moderately developed pa- 
leosols, horizontal and vertical segments of 
the burrows are interconnected. In subsur- 
face horizons of weakly developed paleosols 
there are more vertical burrows than hori- 
zontal burrows (23). 

Further information on the nature and 
diversity of the burrowing organisms can be 
gleaned from the variation in size of the 
burrows. Diameters of numerous burrow 
segments from a moderately developed pa- 
leosol and from a weakly developed paleosol 
were measured with vernier calipers accurate 
to 0.1 mm (Fig. 3). The maximum diameter 
was measured normal to the long axis of 

Fig. 2. Three-dhen- 
sional arrangement of 
burrows within paleo- 
sols reconstructed from 
large rock specimens, 
slabbed along planes in- 
dicated, of (A) upper ho- 
rizon of moderately de- 
veloped paleosol and (B) 
lower horizon of weakly 
developed paleosol. 

burrows cracked open in the field, so that 
they were exposed in bas-relief. These data 
for both paleosols, plotted at intervals of 0.5 
mm or finer, show numerous modes in 
addition to broader peaks. Such parasitic 
modes are common in size distributions of 
arthropod fossils (24), in which they are 
interpreted as growth increments. The num- 
ber of burrowing species is not revealed by 
these minor modes, but perhaps by the 
overall shape of the distributions. When 
plotted at 1-mm increments to smooth out 
the parasitic modes, the distribution of bur- 
row diameters in the moderately developed 
paleosol is skewed but unimodal. The distri- 
bution of burrow diameters in the weakly 
developed paleosol, however, is irregular 
and has a greater total range than in the 
other paleosol (25). These differences could 
reflect a greater diversity of megascoptc bur- 
rowing organisms or greater fluctuation in 
environmental conditions in early succes- 
sional, nearstream communities, compared 
to communities of more stable interfluves. 

The fossil record of early land anlmals 
large enough to make these burrows is 
sparse. Fossil annelid worms superficially 
s~milar to earthworms have been found in 
shallow marine rocks as old as Middle Ordo- 
vician (26) and fossil velvet worms (Ony- 
chophora) in marine rocks of Middle Cam- 
brian age (27). Neither group of soft-bodied 
organisms is likely to have made the fossil 
burrows in Late Ordovician paleosols of the 
Juniata Formation because some of these 
were (at least seasonally) very dry soils (28). 
Furthermore, the W-shaped backfill struc- 
tures and fully inflated outline of the bur- 
rows are unlike those made by earthworms 
(29). Similar objections can be raised against 
these being burrows of velvet worms, which 
today may hide in soil cracks but do not 
burrow (30). The backfill and striations of 
the burrows, together with the numerous 
parasitic modes of burrow diameter and 
caliche in the paleosol, are more compatible 
with an arthropod burrower, which was 
bilaterally symmetrical, had marked growth 
increments, and was resistant to desiccation. 
Eurypterids and aglaspids were in existence 
by Ordovician time, and horseshoe crabs 
(Xiphosurida) by Silurian, and have been 
found in nearshore marine and lagoonal 
sediments (3, 31, 32). Despite arguments 
that some Silurian eurypterids were amphib- 
ious (33) and that some Pennsylvanian 
horseshoe crabs ventured high into the tree 
canopy ( 3 4 ,  these organisms are unlikely to 
have been permanent residents of dry soils, 
nor were they likely to have been especially 
active burrowers. The oldest spiders and 
centipedes are Devonian in age (3). Today 
these carnivores either exploit existing cracks 
in the soil or make simple burrows (35) 
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horizons. These microfabrics are characteristic of 
moderately developed well-drained soils [R. Brewer, 
Fabric and Mineral Analysis of Soils (Kreiger, New 
York, 1976); R. Brewer and J. R. Sleeman, Soil. Sd. 
107, 546 (1969)l. 
Of 157 burrows observed in the calcic (Bk) horizon 
of moderately developed rofile [Potters Mills cla 
paleosol of (12)1, 81 (or &%) were encmsted wiX 

Fig. 3. Size frequency dis- 
35 tributions of burrow di- 

ameters in upper (clear) 
and lower (black) hori- 

25 zons of (A) a moderately 
developed paleosol and 
(B) a weakly developed 

15 
paleosol (25). 
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~hl;s'isabdut 12'cm in the best developed paleosol. 
De th of the caliche horizon is loosely correlated 
w i g  mean annual rainfall in modem soils [H. Jenny, 
Factms in Soil Formation (McGraw-Hill, New York, 
1941); R. J. Arkley, Soil. Sci. 96, 239 (1966)l. 
P. W. Birkeland, Soils and Geomotphology (Oxford 
University Press, Oxford, 1984). 
T. R. Walker, Bull. Geol. Soc. Am. 78, 353 (1967). 
R. Van der Voo and R. B. French, J. Geopbys. Ra.  
82, 5796 (1977). 
C. Burrett, Palaeogeogv. Palaeodimatol. Palaeoeml. 
13, 161 (1973). 
These two kinds of paleosols have been named (in 
order of decreasing development) the Potters Mills 
and Faust Flat Series (12). 
These observations have implications for naming the 
trace fossils. Since vertical sections (earlier referred 
to the ichnogenus Skolithus) are parts of the same 
burrow system as subhorizontal sections (earlier 
called Plamlites), these burrows should not be re- 
ferred to these existing ichnogenera for more simple 
trace fossils, but rather to a new ichnogenus (12). 
N. Spjeldnaes, J. Paleontol. 25, 745 (1951). 
For the moderately developed paleosol (Fig. 3A): x ,  
6 mm; SD, 2.2 mm; and number of measurements 
(n) ,  308; for the weakly developed paleosol: x,  6.6 
mm; SD, 3.4 mm; and n, 302. 
S. C. Morris, R. K. Pickerill, T. L. Harland, Can. J. 
Eanh Sn'. 19, 2150 (1982). 
H.  B. Whitrington, The Buvgess Shale (Yale Univ. 
Press, New Haven, 1985). 
As indicated by the caliche, which in this case is 
dolomitic (12), a mineral found in modern soils of 
high base status [H. E. Doner and W. C. Lynn, in 
Minerals in Soil Environments, J. B. Dixon and S. B 
Weed, Eds. (Soil Service Society of America, Madi- 
son, 1977)gp .  75-98]. 
Modern ea worm burrows are illustrated by K. P. 
Barley [A&. J. A g k .  Res. 10, 371 (1959)] and 
Triassic fossil examples by G. J. Retallack [J. Geol. 
Soc. Aust. 23, 383 (1977) 
0 .  PRu elder, Onychopi!ka (Fischer, Stungart, 
1968); Read, Nai Hist. 95, 56 (1985); S, 
Endrody-Yoonga and S. B. Beck, Ann. Transpaal 
Mw.  33, 347 (1983). 
L. Stormer, in Treatise on Invenebvate Paleontology, 
Anhropodu, R. C. Moore, Ed. (Geolo ical Society of 
America, Boulder, and University ofKansas, Law- 
rence, 1955), vol. 2, art 1 p 94-141. 
K. E. Caster and H. I!. ~rdogs,'Bull. Am. Paleontol. 
46, 157 (1956). 
P. A. Selden, Philor. Trans. R. Soc. London B309. 
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Burrow diameter (mm) 

unlike the fossils. Scorpions have been burrowing arthropod herbivores and detriti- 
thought to be among &e earliest of land vores. as well as a;arietv of litter organisms. " 

These trace fossils in paleosols are additional 
evidence for Late Ordovician terrestrial eco- 

animals and now excavate simple shallow 
burrows (35). Careful reexamination of Si- 
lurian to Pennsvlvanian scorpions. however. systems of rather greater complexity and ' ,  
has shown that they were probably aquatic 
(3).  Millipedes first appear in marine rocks 
of Early Silurian age (36, 37), and some 

biomass than has hitherto been suspected. 

millipedes now are active burrowers (38). 
Although they appear in the fossil record 
slightly later than the trace fossils under 
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spores has been controversial. They are like 
those of some modern liverworts and 
mosses and appear to represent extinct early 
land plants of a comparable grade of evolu- 
tion (1). Such low-growing, leafy vegetation 
could have supported large populations of 26 June 1986; accepted 30 October 1986 
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