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-roy, Pennsylvania (Figs. 1-1, 1-2). These
red beds include common sandstone
paleochannels, divided by clayey and car-
bonate-bearing paleosols containing

DAY 1 STOP DESCRIPTIONS trace fossils of some of the earliest
known land animals (Retallack and
STOP 1 - Late Ordovician Paleosols of Feakes 1987; Retallack 1992a). The
the Juniata Formation Near Potters trace fossils are so common and well
Mills, PA by Gregory J. Retallack preserved here that it is not difficult to
evaluate their field occurrence and some
INTRODUCTION critical questions concerning them. Are
A thick sequence of the Late the rocks marine or non-marine? Did
Ordovician Juniata Formation is exposed the burrows form before, after or during
in road cuts along a divided section of soil formation? What kind of creatures
U.S. highway 322 east of Potters Mills formed the burrows? Laboratory studies
and west of the long descent east to Mil of these paleosols and burrows have
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Figure 1-1 - Road map (lower right) and topographic map (left) for locality of Late Ordovician paleosols in the
Juniata Formation near Potters Mills, Centre County, Pennsylvania. Contour interval is 20 feet. '
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clarified many of these questions with strata dipping at 21° east from 100

(Feakes and Retallack 1988; Retallack m east of the junction with cross roads
1992a), but there is no substitute for to Faust Flat and Seven Mountains
seeing them in the field for yourself. Camp. This western part of the section is
A measured section of the Juniata becoming progressively overgrown with
Formation was made in 1985 (Fig. 1-2) crown vetch (Coronilla varia L.). Some
on the western side of the western (east- 200 m east of the road junction the road
bound) lanes of highway 322 beginning cut is higher and the section includes the
carbonate
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Figure 1-2 - A measured section of the Late Ordovician palebsols:in the Juniata Formation near Potters Mills, Centre
County, Pennsylvania. Paleoenvironmental interpretations of facies and paleosol series are shown, as well as estimates

of the degree of development of the paleosols, percent area of carbonate nodul d M .
of Retallack 1988, 1990). es and Munsell hue (following scales
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type examples of the Potters Mills and
Faust Flat clay paleosols (Fig. 1-3). The
site is now marked by a small tree that
began growing in the talus of excavations
made in 1982. The measured section
continues to the south to a point above
the first excavated bench in the road cuts
where the dip of the beds declines to
almost horizontal. At this point high in
the road cut are several additional

meters of red Juniata Formation overlain

by light colored sandstones of the basal
Tuscarora Formation (Cotter 1982; Stro-
ther and Traverse 1979). Trace fossils
are particularly easy to observe and
collect in paleosols of the Juniata For-
mation near the excavated bench and in
fallen blocks near this southern end of
the measured section where the roadcut
is highest.

GEOLOGICAL SETTING
The Juniata Formation represents

#
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the upper part of a thick clastic wedge
that thins to the west into gray and green
marine rocks (Drake et al 1989). Red
beds of the Juniata Formation have been
interpreted as alluvial outwash of the
high Taconic Mountains, a mixed sedi-
mentary, metamorphic and plutonic
folded mountain range that once existed
to the east (Yeakel 1962; Meckel 1970).
Paleogeographic reconstructions place
the Potters Mills locality, which is strati-
graphically high in the Juniata Forma-
tion, on the outwash plain at least 200
km east of marine rocks to the west and
about 120 km west of the mountain front
(Dennison 1976).

A variety of sedimentary struc-
tures within the purple-red sandstones of
this outcrop confirm their fluvial origin

(Cotter 1982). Stringers of intraforma-

tional breccia, trough cross bedding, and
shallow scour-and-fill structures are com-
mon in the thick sandstones, which in

X EXN K.

Figure 1-3 - View toward the west of the type Potters Mills clay and Faust Flat sﬂty c:lay paleosols in roadcut

exposures during 1982. The top of the Potters Mills clay is at the base of the upper black band on the staff, which is
graduated in feet, _
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most cases appear tabular for the extent
of their outcrop. There are places how-
ever, notably some 150 m south of the
road junction, where the basal surface of
a sandstone erodes steeply down for 30
to 40 cm into underlying units. These in-
dications of asymmetric paleochannels
are not so marked as in meandering
river deposits, but are more than would
be expected in braided streams. A loose-
ly sinuous stream pattern is envisaged
during deposition of this part of the
Juniata Formation (Cotter 1978).

More definitive of the paleoenvi-
ronment of this formation are clayey red
interbeds, which are in most cases inter-
preted as paleosols. Only a few fine-
grained beds do not show some degree
of ancient soil formation. Notable in this
regard is a unit of gray shale with an
horizon of soft sediment deformation
(ball-and-pillow structure) at eye level
near the southern end of the measured
section where the strata are nearly hori-
zontal in attitude. This facies is similar
to lacustrine deposits. Nevertheless, it
probably was not a permanent lake, be-
cause it lacks varves, fossils or chemical
sediments.

PALEOSOL RECOGNITION

Paleosols in this exposure can be
recognized in the field from their red
color, clayey texture, sharply truncated
tops with alteration down into bedded
rocks, "hackly" and "massive" structure,
and common small yellow carbonate
nodules (Retallack 1985; Feakes and
Retallack 1988). The hackly and massive
appearance is from the development of
soil clods (peds) defined by former
cracks in the soil (now closed) and by
clay coatings (now slickensided irregular
surfaces), called argillans by soil scien-
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tists. The small nodular masses found in
some profiles are weakly reactive to acid
because they are dolomitic in composi-
tion. They are most prominent on wea-
thered surfaces, where they are often
partly dissolved and stained orange with
ferric hydroxides. There also are abun-
dant fossil burrows concentrated near
the sharply truncated tops of the paleo-
sols and decreasing in abundance down-
ward into the profiles.

Another important observation
that can be made in the field is the vary-
ing expression of these various features
in each paleosol. The reddest, most clay-
rich and bioturbated paleosols also in-
clude the most abundant carbonate nod-
ules. On the other hand, some profiles
are little more than bioturbated sedi-
ment. These field differences in degree
of soil formation are thought to reflect
the relative time available for soil forma-
tion, and are indicated using a relative
scale of development (from Retallack
1990) by the width of the boxes in Figure
1-2.

Laboratory studies have con-
firmed identification of these clayey red
bioturbated layers as paleosols. In thin
section the paleosols compared with
their parent alluvium are much more
clayey and ferruginized with submicro-
scopic hematite. These pedogenic col-
loidal materials have developed at the
expense of labile minerals such as mica
and rock fragments (Fig. 1-4). There is
no trace left of an original laminated
fabric, but in its stead is the random ag-
gregation of clay minerals into highly bi-
refringent streaks that are characteristic
of soils: microstructure called skelmo-
sepic by Brewer (1976; Retallack 1985).
This distinctive microfabric reflects the
small scale stresses and reorientation of
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Figure 1-4 - Field appearance, petrographic and chemical appearance of the Potters Mills clay paleosol (above) and

Faust Flat silty clay paleosol (below) near Potters Mills Pennsylvania. Specimen numbers from top down are

UORI69 to 177 (from Retallack 1990).
soil during shrinking and swelling with
wetting and drying, activity of soil fauna
or other processes at low temperature
and pressure (Retallack 1990). The car-
bonate nodules, though recrystallized,
are replacive, as is usual for pedogenic
carbonate (Wieder and Yaalon 1982).
The Potters Mills clay paleosol
also shows a regular pattern of variation
in chemical composition downward to-
ward its parent alluvium, unlike the erra-
tic pattern of chemical variation found in
bedded sediments (Fig. 1-4). Molecular
weathering ratios calculated from the
weight percent of each oxide divided by

its molecular weight can be used to eval-

uate possible soil-forming processes
(Feakes and Retallack 1988), which in-
clude ferruginization due to oxidation
(Fe203/Fe0Si02/Fe203)as well zs clay

- formation (SiO2/AlpO3}nd leaching

(Ba/Sr) due to hydrolysis (Fig. 1-5). A
more rigorous assessment of the amount
of chemical differentiation of these
paleosols is compromised by uncertain-
ties in the exact composition of layered

alluvial parent material. This basic as-
sumption has been ignored in some mass
balance analyses of fluvial paleosols
(Cerling and Quade 1992), but can be
accommodated by using a range of com-
positions of a weakly developed paleosol
as parent material for a better developed
paleosol. The results of this analysis for
the Potters Mills paleosol compared with
the weakly developed Faust Flat paleosol
(Fig. 1-6) show that the apparent wea-
thering trends of desilication, and gains
in alumina and iron are well in excess of
likely variation in parent material com-
position. On the other hand, the degree
of weathering demonstrated by these
paleosols is much less profound than in
other paleosols analyzed in this way (see
for example, Grandstaff et al. 1986).
Also characteristic for paleosols
are isotopic analysis of carbon from car-
bonate and organic matter from the Or-
dovician paleosols near Potters Mills
(Table 1-1). Carbon of both organic mat--
ter and carbonate is isotopically much
lighter in the paleosols than in demon-
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Figure 1-5 - Molecular weathering ratios and inferred weathering trends in the Potters Mills clay and Faust Flat silty
clay paleosols, near Potters Mills, Pennsylvania (from Feakes and Retallack 1988).

strably marine carbonates of the under-
lying Bald Eagle Formation, which are
interbedded with shales and sandstones
containing brachiopods at the site sam-
pled for isotopic results, Values of 4 to -
6 %o for carbon in carbonate of the Pot-
ters Mills paleosols are very similar to
those for paleosols of the Late Silurian
upper Bloomsburg Formation in Pennsyl-
vania, and significantly lighter than
values for near-marine paleosols of the
lower Bloomsburg Formation in Pennsyl-
vania (Mora ef al. 1991; Driese ef al.
1992).

The similar isotopic composition
of dolomite and calcite from the same
samples (Table 1-1) may be taken as evi-
dence for dolomitization during soil for-
mation as well as during formation of
marine limestones of the Bald Eagle
Formation. The greatest isotopic diver-
gence between coexisting dolomite and
calcite was in sandstone dividing the type
Potters Mills and Faust Flat paleosols,
which has a sparry carbonate cement
(Fig. 1-4) similar to that of some ground-
water calcretes (see Searl 1989). The
Pedogenic nodules in contrast have irreg-

ular margins and included smal] grains
indicating that they have replaced clayey -
matrix in the manner usual for pedogen-
ic nodules. They are however, recrystal-
lized extensively (Retallack 1985; 1992a),
and before these isotopic data were
available, an origin by dolomitization of
calcite during deep burial could still be
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Figure 1:5 - Concentration ratios for selected oxides of the
Potters Mills clay paleosol normalizeq to the range of
values found in the less developed Faust Fiat silty clay
palqosoL This diagram represents the degree of soil for-
mation of the better developed paleosol in advance of the
;vgeéa;c)ly developed paleoso] (from Feakes and Retallack
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TABLE 1-1 - Isotopic composition of organic matter and carbonate (%o) from Late Ordovician paleosols near Potters
Mills, Pennsylvania.

Unit Horizon Depth Spem. Organic Calcite Dolomit Calcite  Dolomit
cm . No. §°Cppg  6"Cppg §*0ppg
SBCPDB 8180?03
Potters Mills clay eroded phase Bk 25 R169 - 693 421 1241  -11.68*
paleosol
Potters Mills clay paleosol Bk . -40 R172  -215* .582 431  -1161  -1145
Bk -50 R174 - -4.13 -3.72 -11.44 -11.06
Bk -50 R174 - 4.11 372 -1137 -11.10
Ck -55 R175 67+3%* 622 434 -11.52 -11.43
Bald Eagle Formation marine - - PM2 - +022  +0.48* -9.78 -8.40*
limestone
- - PM2 - +0.27 +0.38* 974 -9.05*
Reedsville Formation limestone - - PM1 - -8.49 -732 -11.13 -11.30

Note: These results were from carbonate nodules hand picked by C.R. Feakes or hand specimens of marine limestone,
and were by Global Geochemistry Corporation, Canoga Park, California. Samples indicated * contained very small
amounts of the analyzed fraction, and may have higher error (normally 0.1 or better). Depths are of the sample from the
top of the paleosol in the detailed section of type Faust Flat and Potters Mills profiles 4 km east of Potters Mills. Bald

limestone from road cut 1.1 km northwest of Potters Mills, both on highway 322. Brachiopods were found associated with

Bald Eagle limestone, but the Reedsville limestone was unfossiliferous, laminated and carbonaceous.
entertained (following arguments out-
lined by Zenger et al. 1980). Missis-
sippian paleosols from Tennessee also
were originally dolomitic, considering
similar textural and isotopic evidence
(Caudill ef al. 1992). Low magnesium
calcite is the most common carbonate
forming in modern soils (Wright and
Tucker 1991), but dolomite forms in

limestone of this area of Pennsylvania,
burial depths were some 4.6-6.6 km and
temperatures about 160-210°C (Epstein
et al. 1977). This is compatible with the
abundance of dioctahedral illite and tri-
octahedral chlorite in the Juniata Forma-
tion (Thompson 1970b) and the marked
potash enrichment in the Potters Mills
clay paleosol compared with surrounding

some soils of exceptionally high base sta-
tus (Doner and Lynn 1977; Botha and
Hughes 1988).

ALTERATION AFTER BURIAL
Although these were indeed pale-
osols, it is equally clear that they have
been altered considerably during burial.
From the degree of alteration of cono-
donts (about CAI = 4) in Ordovician

alluvium (Figs. 1-S, 1-6). Such illitization
is a widespread burial alteration of
paleosols and other deeply buried sedi-
ments (Hearn and Sutter 1985; Retallack
1991a).

Compaction of the clayey upper
parts of the paleosols is also a likely con-
sequence of such deep burial, but sub-
horizontal burrows are compacted by
less than a half and none of the vertical
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burrows have been obviously deformed
into concertina-like shapes (Retallack
1985). Compaction can be calculated by
the formula for sandstones of Sclater
and Christie (1980) advocated by Bald-
~ win and Butler (1985), as follows.

C = -0.5/[0.49/(cP/3.Dy.q

In this equation C is the degree of com-
paction as a fraction and D is the depth
of burial in km. The constant 0.5 is the
presumed original solidity (the com-
plement of fractional porosity). This
value is quite representative for soils,
which have an average bulk density of
about 1.3 g/cm® (Retallack 1990). In
prior treatments of this problem
(Retallack 1991b), the shale compaction
curves of Baldwin and Butler (1985)
were calibrated to a more reasonable
solidity than the 0.2 value found in deep
sea mud. The use of the sandstone curve
is now thought more reasonable for both
clayey and sandy parts of paleosols, be-
cause even clayey paleosols are in a
sense like sandstones by virtue of their
soil structure. Using burial depths of 4.6
to 6.6 km and these equations, these
paleosols would be about 56-59% of
their former thickness, a value compati-
ble with the observed deformation of
burrows.

These paleosols also have the viv-
~ id red color of deeply weathered tropical
soils and sparse bluish-green mottles of
partly waterlogged soils, yet show no
petrographic or geochemical evidence of
decp weathering or of gleization (Fig. 1-
5). Both kinds of discoloration are com-
mon in paleosols (Retallack 1991a), and
may have occurred early during burial by
dehydration of ferric hydroxides to
hematite and reduction of clayey matrix
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around anaerobically decayed organic
matter. The original soils were more
likely grayish brown in color.

PALEOENVIRONMENTAL IMPLICA-
TIONS OF THE PALEOSOLS

The paleosols themselves offer
additional information concerning the
paleoenvironment of this ancient alluvial
plain, and can be interpreted using two
separate approaches. Identification of
paleosols in modern soil classifications,
such as the soil taxonomy of the Soil
Conservation Service of the U.S. Depart-
ment of Agriculture (Soil Survey Staff
1975) and the U.N.E.S.C.O.-sponsored
Soil Map of the World (F.A.O. 1971-
1981), is one useful way of locating anal-
ogous surface soils and soilscapes. The
Potters Mills clay paleosol has been
identified as an Ustropept of the U.S.
taxonomy and as a Calcic Cambisol of
the F.A.O. classification, and the Faust
Flat silty clay paleosol as a Fluvent and
Fluvisol respectively (Retallack 1985;
Feakes and Retallack 1988). Fluvents
and Fluvisols are such weakly developed
soils that they reflect primarily a very
short period of time available for soil
formation: hundreds of years or less. Us-
tropepts and Calcic Cambisols are less
widespread, forming on alluvial to rolling
hilly landscapes that have been stable for
periods of thousands to tens of thou-
sands of years under woodland to wood-
ed grassland in warm, subhumid to arid
climates (Retallack 1990). Similar soils
are known in several parts of the mod-
ern floodplains of the Indus and Ganges
Rivers in India and Pakistan (for exam-
ple, the Sultanpur Series soils of Ahmad
et al. 1977), and similar paleosols in
Miocene alluvium of the Siwalik Group
of Pakistan and India (for example, the



Sonita paleosol series of Retallack
1991b).

A second approach for interpret-
ing paleoenvironment from paleosols is
by means of the factor function ap-
proach. Numerous studies have been
published on the relationship between
environmental variables and soil features
(e.g., Birkeland 1990; Retallack 1990;
1993). These studies can be used to in-
terpret paleoenvironmental conditions
from soil features.

Atmospheric Composition
The vivid red color and strong

ferruginization of these alluvial paleosols
are evidence of an oxidizing atmosphere.
Unfortunately the parent material com-
positional reducing power (R of Holland
1984) for these paleosols is too low (R

= 0.04-0.07) to be critical for tracking
the oxygenation of the atmosphere. This
low level of parent material composition-
al reducing power has been over-
- whelmed by atmospheric oxygenation
levels since at least 2 billion years ago
(Retallack 1990). Late Ordovician. paleo-
sols from Nova Scotia also are strongly
ferruginized, but developed on andesite
flows (R = 0.12). From these Nova Sco-
tian paleosols, Feakes et al (1989) argue
for at least 0.04 atmospheres for the par-
tial pressure of oxygen during the Late
Ordovician, or about 0.2 times present
atmospheric level of oxygen. This is suf-
ficient to oxidize all of the iron of most
igneous rocks, and more than enough ac-
count for the marked Ordovician ferrugj-
nization of the relatively iron-poor Juni-
ata Formation near Potters Mills.

For estimating oxygenation from

Late Ordovician paleosols of Nova Sco-
tia, Feakes et al. (1989) used a figure of
10 times the present level (PAL) of car-

bon dioxide, which would be some 3000
ppmV. This assumption of elevated car-
bon dioxide levels is now supported by
new isotopic results (Table 1-1) for the
paleosols near Potters Mills, which have
a very similar isotopic composition to
Silurian paleosols of the upper Blooms-
burg Formation in Pennsylvania. Mora et
al (1991) and Driese et al. (1992) have
used the models of Cerling (1991) to cal-
culate that these late Silurian paleosols
formed under some 4200-6000 ppmV or
14-20 PAL atmospheric carbon dioxide.
Similar arguments could be made from
isotopic data on the paleosols at Potters
Mills (Table 1-1) for some 5400-5800
ppmV or 18-19 PAL of carbon dioxide.
This estimate assumes mean annual rain-
fall in the Ordovician of greater than 300
mm, which is indicated for these paleo-
sols by their degree of bioturbation and
depth of calcic horizon (Retallack 1985).

- It also assumes no waterlogging, which is

compatible with the observed oxidation,
ferruginization (Fig. 1-5) and depth of
burrowing. Similar high levels of 4800
ppmV or 16 PAL of atmospheric carbon
dioxide have been estimated from goe-
thites of another Late Ordovician paleo-
sol in Wisconsin by Yapp and Poths
(1992).

These results are encouraging to
general models of atmospheric evolution
(Berner 1991; Kasting 1993), but not en-
tirely without problems. Practical prob-
lems arise from the nature of the carbo-
nate analyzed isotopically, whether pedo-
genic, groundwater or diagenetic in ori-
gin, and in this respect oxygen isotopic
evidence for diagenetic alteration is
troubling (Driese ef al 1992). For calcu-
lation of atmospheric oxidation, the het-
erogeneity of paleosol alluvial parent
materials is a difficulty (Feakes and
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Retallack 1988). There also are model
dependent problems. Calculations for at-
mospheric oxidation assume minimal or-
ganic activity (Feakes et al. 1989), where-
as those for carbon dioxide assume a
carbon source from photosynthetic or-
ganisms using the Calvin cycle (C3 path-
way: Mora et al. 1991). Finally there are
general problems, such as the well docu-
mented Late Ordovician glacial deposits
of Africa (Bennacef et al 1971). How
could such extensive ice caps have grown
in the greenhouse world indicated by
paleosols? Could the glacial deposits be
instead misidentified impact debris, as
has been suggested for supposed Pre-
cambrian glacial rocks (Overbeck ef al.
1993)?

- Paleoclimate
One of the most robust of the en-

vironmental factor functions known for
soils is the relationship between depth to
the calcic horizon and mean annual rain-

“fall. This should not be confused with
the depth of leaching of carbonate in
soils (as is apparent from Behrensmeyer
and Willis 1992), which is a function of
time for formation of the soil rather than
only rainfall (Ruhe 1969). The relation-
ship between mean annual precipitation
and depth to carbonate has been demon-
strated in the Great Plains (Jenny &
Leonard 1935) and Mojave Desert of .
North America (Arkley 1963), on the
Indo-Gangetic plains of Pakistan (Sehgal
et al. 1968) and even on carbonatite-nep-
helinite airfall deposits of the Serengeti
Plains of Tanzania (de Wit 1978). A re-
cent comnpilation by Retallack (1993)
showed that it holds also for soils in Ar-
gentina, Iraq, Iran, Kazachstan, Mongol-
ia, Australia and New Zealand. In this
global compilation, the relationship be-
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tween depths (d in cm) and mean annual
precipitation (P in mm) can be fitted
with reasonable accuracy (r = 0.79 and
lo = 141 mm), by the following binom-
ial equation.

P = 139.6-6.388d-0.01303d2

Using this equation and the com-
paction factors already outlined for the
Potters Mills clay paleosol with a Bk
horizon now at a depth of 19 cm, but
originally more like 32-34 cm, gives a
mean annual rainfall of about 331 and
342 mm for the two burial thicknesses:
both estimates *141 mm. There is no in-
dication from molecular weathering ra-
tios for sodium enrichment that would
be expected during salinization found in
soils of dry climate (less than 300 mm
mean annual rainfall: Birkeland 1990).
Thus a semiarid climate of some 300-500
mm per annum is indicated by the Pot-
ters Mills clay paleosol.

Use of this equation can be com-
promised by different atmospheric levels
of carbon dioxide in the past, by erosion
of the surface of paleosols and by com-
paction of the upper clayey part of
paleosols during burial. The effects of
compaction have been taken into ac-
count by using the formula of Sclater
and Christie (1980). The problem of ero-
sion of paleosols before burial can be
mitigated by selecting profiles with well
preserved surface horizons. The Potters
Mills paleosol with its relatively com-
plete burrow system buried by siltstone
rather than a paleochannel sandstone
(Retallack and Feakes 1987), was a bet-
ter choice than other obviously eroded
paleosols in this sequence. Some erosion
already is incorporated in the variance of
the modern data set, which includes




rangelands abused by overgrazing and
tillage (Retallack 1993). As already out-
lined Ordovician atmospheric levels of
carbon dioxide are thought to have been
much elevated compared to now, judging
from recent work on isotopic composi-
tion of paleosol carbonate (Yapp and
Poths 1992). This would have the effect
of acidifying soils and creating carbonate
horizons deeper in the soil (Mayer et al
1988), all other factors being equal.
However, the biotic factor was not equal
in Ordovician soils compared with those
of modern grasslands and deserts, in
which biotic production of carbon diox-
ide can easily reach levels of ten times
modern atmospheric levels of carbon dj-
oxide postulated for the Ordovician at-
mosphere (Brook ef al. 1983). Because
presumed low carbon dioxide levels due
to biota may have been compensated in
a complex way by higher levels from the
atmosphere, no correction has been ap-
plied to the estimation of rainfall here.

Seasonality of rainfall is also evi-
dent from the diffuse spread through the
profiles of carbonate nodules, that in
Some cases show concretionary growth
zones, very similar to features seen in
modern and fossil soils of the monsoonal
Indo-Gangetic Plains of India and Paki-
stan (Retallack 1991b). A strongly sea-
sonal climate also is indicated for Ordo-
vician Appalachia by Vertisol-like paleo-
sols (Driese and Foreman 1992a; 1992b).
The paleosols near Potters Mills do show
some cracklike features, but none are
clearly vertic, presumably because of the
relatively silty and sandy composition of
their parent material compared to the
Vertisol-like Ordovician paleosols
elsewhere. _

Paleotemperature is very difficult
to assess from paleosols (Retallack

1991b). Pennsylvania is thought to have
been in tropical latitudes during Ordo-
vician time (Ziegler et al. 1979), and the
degree of weathering and bioturbation of
these paleosols is compatible with warm
tropical weathering conditions.

Ordovician Life On Land

A critical question for interpreta-
tion of the abundant fossil burrows (Figs.
1-7A, B) in these red beds of the Juniata
Formation is whether they represent bio-
logical activity before, during or after
soil formation. A number of observations
pertinent to this question can be made at
the outcrop. The density of the burrows,
particularly the subhorizontal ones, var-
ies with other indices of soil formation,
such as the abundance of clay skins and
carbonate nodules, the intensity of red
color, and the degree of destruction of
relict bedding. Thus what appear to have
been the best developed soils contain the
most abundant burrows. Only the thicker
red burrowed units also contain carbo-
nate nodules, which are known from pet-
rographic and isotopic evidence to have
been pedogenic (Fig. 14, Table 1-1: Re-
tallack 1985). These nodules are found
isolated in the soil matrix as well as en-
sheathing some of the burrows. In the
type Potters Mills clay paleosol 81 out of
157 burrows (61%) were ensheathed
with carbonate. With a hand lens, it may
be possible to verify in the field petro-
graphic evidence that some nodules are
cut by the burrow walls (Fig. 1-7C) and
other nodules cut across filled burrow
walls (Fig. 1-7D). This is the kind of dis-
tribution of carbonate expected if bur-
rowing and nodule formation were oc-
curring at the same time in a soil.

Alternatives to this interpretation
include the idea than the burrows
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Figure 1-7 - Fossil burrows from Ordovician paleosols near Pottérs Mills. (A) subhorizontal burrows from paleosol
surface; (B) subhorizontal (near top) and near vertical burrows (lower, all arrowed); C-F, optical photomicrographs
showing truncation of carbonate by burrow wall; (C) burrow truncated by carbonate; (D) W-shaped backfills in longi-
tudinal section, (D) and in cross section (E); and fecal pellets (F). Scale bars are in cm (A,B) and mm (C-F).
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formed in a local lake or estuarine inun-
dation of the floodplain, and were not
destroyed by later soil formation. It is
difficult to explain the variation in ap-
parent soil development with burrow
density in this way. Furthermore, the
possible lacustrine gray and green shales,
which can be observed near the top of
the measured section where the dip is

near horizontal, have relatively few trace

fossils, and none of them are similar to
the abundant burrows in the red beds.
Marginal marine deposits of the Late
Ordovician Bald Eagle Formation with
rhynchonellid brachiopods (Orthorhyn-
chula-Ambonychia community of Bretsky
1969) crop out in a roadside gravel quar-
ry near this site, only 1 mile southeast of

- Potters Mills along highway 322 (Fig. 1-

1). These interbedded carbonates, shales
and sandstones (Thompson 19702,b) also
contain trace fossils, but they are less
abundant and none are similar to the
burrows in Juniata red beds. No fossil
remains of aquatic or marine creatures
have been found in the burrows of the
red beds. Ostracods are especially con-
spicuous in their absence, because they
are abundant in brackish water deposits
of Ordovician and Silurian age in this re-
gion. Many of the trace fossils in the red
beds are well preserved with sharp out-
lines and no evidence of collapse. One
could argue that burrows would not be
so readily destroyed in an Ordovician

soil lacking large animals that are re-

sponsible for the fabric of many modern
soils. However most burrows would have
been somewhat collapsed or the clayey
lining of their walls flaked off during a
prolonged period of soil formation on a
burrowed marine or lacustrine shale.
From these observations it does not
seem likely that the burrows predate soil

formation.

_ Yet another idea is that soils
formed subaerially and then were inun-
dated by lake or lagoonal waters and an
aquatic burrowing fauna. This idea is not
supported by the mentioned trace fossil
suites in nearby lacustrine and marginal
marine facies. The burrows seen in the
red beds are very distinct and more
abundant than those in gray lake and es-
tuarine deposits. Nor is it supported by
the nature of the filling material of the
burrows, which is uniformly red, highly
oxidized material similar in chemical and
mineralogical composition to the sur-
rounding paleosol matrix. Such deep and .
complicated burrow systems in relatively
impermeable shale would not have re-
mained so oxidized during inundation.
Pyritization or reduction of the burrow
fills, and partial fill with gray estuarine
or lacustrine shale would be expected
following inundation of paleosols. There
are some diffuse reduction spots and la-
yers near the surface of some of the
paleosols, but none filling the burrows,
nor any rock or fossil trace of an omis-
sion sequence. At least one of the many
burrowed surfaces should have preserved
marine fossils or drab sediments if the
sea or lakes had inundated this area with
such frequency. The red burrows in pal-
eosols near Potters Mills are very diffe-
rent texturally and chemically from pyri-
tized and drab marine burrows into red
Late Ordovician paleosols documented
from Beans Gap, Tennessee (Driese and
Foreman 1991).

The discovery of such evidence of
burrowing organisms on land during the
late Ordovician was a surprise (Retallack
and Feakes 1987), because the esta-
blished fossil record of terrestrial ani- -
mals begins in the Silurian with a diver-
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sity of arachnids and myriapods (Shear
1991; Gray and Shear 1992). A fossil of
one of these Ordovician burrowers
would be an invaluable- guide to their
biological affinities, but is unlikely to be
recovered from such oxidized paleosols
(Retallack 1984). Nevertheless, the bur-
rows and-their soils can revea] some as-
pects of the nature of the beasts, They
were evidently capable of withstanding
dry soil conditions, judging from the as-
sociated pedogenic carbonate, Some bur-
rows include fecal pellets with a distinct
ferruginized margin, as an indication that
the animal excreted solid feces that dried
out (Fig. 1-7E). Other burrows are filled
with backfill structures of alternating silt-
Stone and claystone, and some of these
show W-shaped outlines (Fig. 1-7F, G),
indicative of a bilaterally symmetrical or-
ganism. The burrows are roughly tubular
with diameters ranging from 2 to 21 mm,
and the size distribution of the burrows
includes distinct Parasitic modes (Fig. 1

POTTERS MILLS CLAY PALEOSOL n =650

4

number of burrows
8

104

S 10
diameter of burrows {mm)

number of butrows

-8),asifthiswasananimallikean
arthropod that grew in distinct incre-
ments or moult stages. Data were pooled
from both subhorizontal and vertical
burrows, which were found to be inter-
connected in the field (Retallack and
Feakes 1987), and modes in the pooled
data can be shown to be significant using
the Komolgorov-Smirnov test. (Kopaska-
Merkel 1988; pers. comm. 1988). An ad-
ditional set of measurements taken on a
subsequent visit to the site and included
in the new compilation presented here
(Fig. 1-8), shows that modes for vertical
and subhorizontal subsets of the data are
also statistically distinct. These various
constraints are most compatible with a
millipede-like animal excavating these
burrows (Retallack and Feakes 1987),
and similar burrows and feca] pellets are
known to be produced by living milli-
pedes (Romell 1935; Paulusse and Jean-
son 1977).

In a preliminary publication (Re
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-tallack 1985), these trace fossils were
assigned to the ichnogenera Skolithos
and Planolites, but subsequent serial sec-
tioning of the burrow systems demonstra-
ted that the horizontal and vertical com-
ponents form a single burrow system
(Retallack and Feakes 1987). For this
and other reasons the burrows should be
referred to a new ichnogenus. '

The abundant burrows and isotop-
ically light organic matter (Table 1-1) in
these paleosols imply some kind of vege-
table fodder on land. This is unlikely to
have been a microbial earth, because
trace elements normally complexed with
organic matter (P, Li, Nb, Ni, Sr, Y) are
depleted near the surface of the Potters
Mills clay (Feakes and Retallack 1988).
Vegetation was more likely a loose litter
of more substantial plants similar to a
polsterlands of lichens or bryophytes
(Retallack 1992b). Rooted or rhizoma-
tous plants are unlikely to have been
present, if the lack of root-like traces in
these paleosols can be trusted. There is
independent evidence elsewhere for bry-
ophyte-like spores as ancient as Middle
Ordovician (Llanvirnian: Gray 1985;
1991), although none have been found
even in the gray shales of this outcrop
(Fig. 1-2: J. Gray, pers. comm. 1985).
The parent plants of these distinctive
spores have not yet been found as mega-
fossils.

Parent Material

One problem for precise chemical
characterization of Ordovician paleosols
near Potters Mills is their heterogeneous
alluvial parent material (Feakes and
Retallack 1988). Claystone breccias in
the bases of some of the paleochannels
(Fig. 1-2) are evidence that soils of the
floodplain were eroded and mixed with

material from the mountainous Taconic
uplands to the east (Meckel 1970; Den-
nison 1976). Some of the observed fin-
ing-upwards variation in grain size in
these paleosols could be in part products
of deposition from waning flood flows, as
is better understood in geologically youn-
ger fluvial deposits (Cotter 1978). These
parent material effects can account for
part of the inverse covariation of silica
and alumina in these soils, but not the
distribution of oxidized iron and carbon-
ates (Feakes and Retallack 1988).

Paleotopographic Setting

The degree of oxidation and de-
velopment of the Potters Mills clay are
indications that it formed on moderately
well drained parts of the landscape
(Feakes and Retallack 1988). Presum-
ably this would have been on an alluvial
terrace, perhaps no more than a meter
or so above water table. The Potters
Mills clay paleosol is chemically and pet-
rographically most like soils of the
elevated alluvial fans (bhabhar region)
rather than the marshy bottomlands
(dhankar or terai) in the sub-Himalayan
outwash plains of India and Pakistan
(Retallack 1991b). The Faust Flat paleo-
sols in contrast, probably occupied lower
terraces and point bars close to stream
channels, where their development was
curtailed by frequent flooding. Most of
the red Juniata Formation represents a
facies comparable to sediments of the
north Indian bhabhar, whereas the un-
derlying and interfing=ring drab-colored
Bald Eagle Formation can be compared
with dhankar and terai sediments of the
Indo-Gangetic lowlands.

Duration Of Soil Formation
In the qualitative scale of Retal-
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lack (1988; 1990), the Potters Mills clay
paleosol is weakly developed and the
Faust Flat clay is very weakly developed.
The Faust Flat profiles probably repre-
sent less than 100 years or so of soil
formation. The calcic horizon of the Pot-
ters Mills clay is differentiated omly to 2
modest extent (Stage I of Gile et aL 1966
or stage 1 of Wieder and Yaalon 1982).
A comparable development of nodules
and clay skins to that seen in the Potters
Mills clay paleosol is seen in surface
soils of the Indo-Gangetic Plains after
about 400 to 4500 years (Ahmad et al
1977; Courty and Féderoff 1985). This
order of magnitude of time is repre-
sented by this degree of soil formation in
many parts of the world (Birkeland
1990).

The short time for formation of
the paleosols and their separation by
great thicknesses of fluvial sandstone are
indications of relatively rapid accumula-
tion of this sequence, compared with
other thick submontane alluvial fan se-
quences such as the Late Silurian
Bloomsburg Formation of Peénnsylvania,
the Late Devonian Catskill magnafacies
of upper New York state and the Siwalik
Group of Pakistan (Retallack 1990). Us-
ing 100 years for Faust Flat and 4000
years for Potters Mills profiles, the
measured sequence (Fig. 1-2) accumula-
ted at a rate of 249 cm/ka, which is ap-
preciably faster than 34-71 cm/ka esti-
mated in a similar fashion from paleo-
sols in the Miocene Siwalik Group of
Pakistan (Retallack 1991b). The in-
creased dominance and development of
paleosols in comparable molasse sequen-
ces through geological time, like long-
term changes toward meandering rather
than braided streams (Cotter 1978), may
reflect the evolution of a firmer grip on

the landscape by increasingly bulky and
complex terrestrial ecosystems.

CONCLUSIONS

That red clayey beds in the Juni-
ata Formation were soils on Ordovician
land surfaces (Fig. 1-9) is indicated by
the distribution of clay skios, carbonate
nodules, and burrows, and by variations
in petrographic, chemical and isotopic
composition of these distinctive layers.
These paleosols are strongly ferrugi-
nized, and so compatible with estimates
from other paleosols for atmospheric
oxygen levels approaching that in the
modern atmosphere, and certainly more
than 0.2 PAL (present atmospheric lev-
el). The isotopically light carbon of
pedogenic nodules in the paleosols indi-
cate elevated atmospheric levels of car-
bon dioxide (5400-5800 ppmV or 18-19
PAL). The depth of the calcic horizon in
the paleosols, adjusted for likely compac-
tion is evidence of a semiarid climate
(300-500 mm per annum). There is also
some evidence, better expressed in other
Ordovician paleosols, for seasonality of
rainfall, perhaps like that endured by
similar monsoonal soils of the Indo-
Gangetic Plains of Pakistan and India.
Abundant burrows in the paleosols are
evidence of millipede-like animals, which
may have fed on bryophyte-like plants
known only from fossil spores. These
paleosols were well drained and drough-
ty, and formed on terraces and stream-
sides of alluvial fans issuing from 2
major folded mountain range to the east
(Fig. 1-9). Their parent material was
quartzo-feldspathic outwash from these
mountains of sedimentary and metamor-
phic rocks, and included much redeposi-
ted soil material. The paleosols are
weakly developed, and so are evidence
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of a rapid rate of fluvial aggradation.
The identification of clayey, nodu-
lar, burrowed horizons in the Juniata
Formation near Potters Mills as buried
soils has ramifications for understanding
many aspects of Late Ordovician envi-
ronments on land. A soil is not just dirt
beneath our feet, but a physico-chemical
reaction front to the environment and a
fundamental part of terrestrial ecosys-
tems. Similarly, paleosols are not merely
buried soils, but barometers of former

50em ;
Foust Flot [i1:

atmospheric oxygen and carbon dioxide
partial pressures, rain gauges of past cli-
mates, trace fossils of ancient ecosys-
tems, indicators of paleotopography,
records of the parent material for soil
development, and tachometers of alluvial
sedimentation. They deserve our con-
tinued attention.
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Figure 1-9 - A reconstruction of the Potters Mills area during the Late Ordovician. Vegetation shown is conjectural
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with soil formation (from Feakes and Retallack 1988).
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