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ABSTRACT: We present preliminary observations suggesting that variations
among eolian dust flux, nutrient levels, and primary productivity may have
been causally linked during the late Paleozoic icehouse. Modern oceanographic
experiments have documented that iron is a limiting nutrient for ocean primary
production, and atmospheric dust flux through the Quaternary has been linked
to changes in the ‘‘biological pump’’ of the oceans. Eolian silt is remarkably
abundant in upper Paleozoic strata, and the late Paleozoic is notable for the
dominance of eutrophic, algal- and cement-rich bioherms and near absence of
frame-building corals. Within western equatorial Pangea in particular, algal
bioherms and eolian dust deposits display a close temporal and spatial rela-
tionship. Upper Paleozoic cyclothems in both the marine and terrestrial realms
record high-frequency, glacial–interglacial shifts in dust flux within a world
characterized overall by high atmospheric dust loads, and geochemical trends
through cyclothems suggest cyclical shifts in marine primary productivity. Car-
bonate carbon isotopes show a strong positive excursion in the late Paleozoic,
long attributed to heightened terrestrial productivity, but possibly reflecting
increased marine productivity as well. We suggest that the remarkable spatial
and temporal coincidence of volumetrically significant eolian siltstone and algal
dominance in the late Paleozoic world reflects causation, that is, nutrient seed-
ing of ecosystems by high atmospheric dust loads in an icehouse world. Such a
connection implies probable biogeochemical repercussions in the terrestrial,
oceanic, and atmospheric realms.

THE IRON HYPOTHESIS: OBSERVATIONS FROM THE MODERN AND

INFERENCES FROM THE ANCIENT

Iron is a limiting nutrient in the oceans, and stimulates primary productivity. This
has been demonstrated by phytoplankton blooms resulting from iron fertilization
experiments conducted in high-nutrient low-chlorophyll (HNLC) patches of ocean
(‘‘the iron hypothesis’’; Martin and Fitzwater 1989; Martin et al. 1990, 1991; Martin
et al. 1994; Kumar et al. 1995; Coale et al. 1996; Boyd et al. 2000), as well as
coastal regions (Hutchins and Bruland 1998). The demise of modern Caribbean coral
reefs is a proposed natural example of iron fertilization (Shinn et al. 2000), wherein
nutrients (particularly iron) and pathogens in African dust stimulated phytoplankton
and benthic algal growth as well as coral diseases in normally oligotrophic waters.
Atmospheric dust provides a primary source for iron input to the ocean, and ice-
core data record significant glacial-stage increases in dust flux (DeAngelis et al.
1987; Petit et al. 1990), although records from the equatorial Pacific are equivocal
with respect to the timing and link between dust flux and productivity (Rea 1994).
Deep-sea eolian records suggest that atmospheric dust loads have increased substan-
tially coincident with onset of northern hemisphere glaciation and attendant drying
of east central Asia commencing 2.5–3 Ma (Leinen and Heath 1981; Janecek and
Rea 1983). The voluminous loess of the recent records heightened atmospheric dust
loads (Pye 1984; Kukla 1987), and contrasts with the general rarity of such deposits
in the geologic record. Here we outline the evidence for substantial atmospheric dust
in the late Paleozoic icehouse, and suggest that the prevalence of algal bioherms
unique to this interval may reflect dust-induced nutrient seeding during the late
Paleozoic icehouse. This hypothesis has implications for deepening our understand-
ing of earth system behavior over geologic time scales.

DUST IN THE LATE PALEOZOIC ICEHOUSE

The observation that iron limits primary productivity in surface waters of both
open-ocean and coastal regions (references above) has significance for modern eco-
system behavior and, potentially, biosphere–atmosphere interactions through the
Quaternary icehouse. To date, however, the possible implications of the ‘‘iron hy-
pothesis’’ have yet to be applied to our understanding of paleoecologic and paleo-
climatic patterns in the ancient geological record. From this perspective, the interval
of the late Paleozoic (Pennsylvanian to Early Permian) is of particular interest, owing
to key similarities with the latest Cenozoic (Plio–Pleistocene). Both represent global
‘‘icehouses’’ characterized by significant continental ice, repeated (glacial–intergla-
cial) fluctuations in ice volume and atmospheric pCO2, expansive regions of conti-

nental aridity and attendant high atmospheric dust loads, vigorous, regional-to-global
monsoonal circulation, and a marked dominance of algal-based bioherms. If iron
fertilization driven by atmospheric dust flux significantly influences ecosystem be-
havior in the modern, then we may be able to detect this effect in the ancient
geological record.

Intermittent Dust Flux on a Glacial–Interglacial Scale

During the late Paleozoic, large continental ice sheets extended over the polar
region of Gondwanaland (Crowell 1978, 1995), and resulted in large-amplitude sea-
level changes (glacioeustasy: Heckel 1986; Veevers and Powell 1987; G.S. Soreghan
and Giles 1999a). Analysis of glacial–interglacial sequences from both the shallow-
marine and terrestrial realms of western equatorial Pangea (western U.S.) establishes
that atmospheric dust loads fluctuated substantially between these climatic phases.
Upper Paleozoic (Middle Pennsylvanian to Lower Permian) strata of the northern
Pedregosa shelf (southwestern U.S.), for example, consist of shallow-marine car-
bonate units intercalated with demonstrably eolian-derived siltstone (G.S. Soreghan
1992). Windblown silt entered the shelf during relatively arid-phase (glacial) low-
stands, and incipient phases of transgressions (G.S. Soreghan 1992; fig. 2 of G.S.
Soreghan 1997). Similar carbonate–silt cycles also occur in northern Pangea (Stem-
merik et al. 1998). Intermittent dust transport is also recorded in upper Paleozoic
(Middle Pennsylvanian to Lower Permian) terrestrial strata of western equatorial
Pangea, wherein arid- (glacial) phase eolian siltstone (loessite) sequences are punc-
tuated by paleosols that formed during interglacial times of drastically reduced silt
influx (G.S. Soreghan et al. 1997; Kessler et al. 2001; G.S. Soreghan et al. in press).
Data from these studies suggest that peak dust flux in low-latitude regions of late
Paleozoic Pangea occurred during glacial and incipient interglacial phases, analo-
gous to the timing of peak atmospheric dust loads inferred from the Quaternary ice-
core record (Petit et al. 1990). For the marine realm, this timing corresponds to peak
dust influx at lowstand to transgressive times.

Analogous to eolian silt of the Chinese Loess Plateau, upper Paleozoic loessite
contains significant iron, in the form of both iron oxide (hematitic) coats on grains,
and in ultra-fine-grained (submicron) iron phases (e.g., magnetite) that precipitated
within soil horizons (G.S. Soreghan et al. 1997; G.S. Soreghan et al., in press). In
modern oceans, iron exists in extremely low concentrations (Martin et al. 1991), but
aerosol deposition provides a key source of procurable colloidal iron (Nodwell and
Price 2001) as well as dissolved iron that results from photoreduction of Fe(III) to
Fe(II) during long-range eolian transport (Zhuang et al. 1992). Eolian delivery of
iron-rich silt to the late Paleozoic marine realm might have similarly stimulated
primary productivity.

Within upper Paleozoic marine strata, inferred glacial–interglacial fluctuations in
eolian silt influx commonly coincide with geochemical evidence for low-oxygen
conditions. For example, strata in basal (transgressive) positions of glacioeustatic
sequences in an algal bioherm of the Orogrande basin (southwestern U.S.) consist
of slightly silty, algal- and organic-rich oncoidal wackestone (G.S. Soreghan and
Giles 1999b) and/or barren cementstone displaying local enrichments in 13C and
iron, including inclusions of Fe-rich phases (G.S. Soreghan, unpublished data; Seals
et al. in press). The seafloor precipitates are similar to Precambrian and Triassic
examples inferred to reflect low-oxygen, iron-rich conditions (Sumner and Grotzin-
ger 1996; Woods et al. 1999). Further, dolomite inferred to reflect cyclic transgres-
sive reflux in the Orogrande basin also contains elevated Fe (G.S. Soreghan et al.
2000). These features are consistent with conditions of high iron availability, poten-
tially significant productivity, and resultant low-oxygen conditions during transgres-
sive phases. In contrast, carbonate strata from late transgressive to highstand (inter-
glacial) positions contain an abundant and diverse marine biota (G.S. Soreghan and
Giles 1999b). Further, black ‘‘core’’ shales of classic midcontinent Pennsylvanian
cyclothems record glacioeustatic transgressions and yield remarkably high organic,
metal, and phosphate contents (Heckel 1977); indeed, black and gray shales of the
late Paleozoic have higher iron contents relative to average Paleozoic shales (Chen
and Shaffer 1984a). They also contain significant silt (Heckel 1977), up to 30%
(Chen and Shaffer 1984b), which increases in abundance westward, nearer the lo-
cations of time-correlative loessite units (references below) documented in the An-
cestral Rocky Mountains region (Fig. 1). Formation of midcontinent black shales
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FIG. 1.—Cartoon map of western U.S.
showing time-averaged distribution of
documented and suspected eolian or partly
eolian, and eolian–marine siltstone units (using
data documented in Murphy 1987, Fischer and
Sarnthein 1988, Johnson 1989, G.S. Soreghan
1992, Carroll et al. 1998, Kocurek and Kirkland
1998, Evans and Reed 2000, Stanesco et al.
2000, Kessler et al. 2001, G.S. Soreghan et al.,
in press, and G. Mack, personal communication
2002), and well-known algal bioherm
concentrations. Distributions are shown
schematized. Locations of uplifts and basins are
taken from Kluth and Coney (1981). Lower
diagram shows stratigraphic distributions of
loessitic siltstone units. Shaded band depicts
interval of inferred maximum dust flux
(qualitative). Global/Eurasian stages used here
and in Fig. 2 from Jin et al. (1997; Permian),
and Heckel (2001; Carboniferous).

has been attributed to upwelling-induced high productivity (Heckel 1977), but some
have noted probable difficulties in establishing the divergent flow necessary for
upwelling in this system, and have instead suggested the organic-rich nature reflects
anoxia resulting from salinity stratification (Parrish 1982). Given the evidence for
lowstand- to transgressive-phase eolian silt influx in both the algal bioherm and
black shale examples cited here, we suggest their organic-rich character reflects, at
least in part, high productivity associated with eolian nutrient ‘‘seeding’’ analogous
to that displayed in modern iron-seeding experiments.

Global Dust Flux in the Late Paleozoic

On a larger scale, the growing recognition of the prevalence of eolian silt in the
late Paleozoic record of at least western equatorial Pangea (Fig. 1, and references
therein), together with provenance evidence for multiple and distant source regions
(M.J. Soreghan et al. 2000, M.J. Soreghan et al. in press) suggests that atmospheric
dust loads were particularly high during this interval. This silt and the associated
aerosols should have influenced biogeochemical cycling on an interregional to per-
haps global basis. Pangea’s continentality and strong monsoonal circulation system
induced widespread aridity even within equatorial zones (Parrish 1993; Kessler et
al. 2001) thereby fostering ‘‘dusty’’ conditions and apparently promoting the for-
mation of desert loess in low latitudes of northern Pangea. This interval of inferred
high atmospheric dust loads coincides temporally and spatially with the maximum

development and abundance of algal-based biohermal systems (Fig. 2; Kiessling et
al. 1999). Indeed, viewed in the context of all Phanerozoic time, the late Paleozoic
(Pennsylvanian–Early Permian) was remarkable for the dominance of algae over all
other reef-building biota; the Neogene, also characterized by atmospheric dustiness
(Leinen and Heath 1981; Janecek and Rea 1983) is the only other time when algae
have been important in organic buildups (Fig. 2; Kiessling et al. 1999).

Within late Paleozoic Pangea, algal bioherms were prevalent in western and north-
ern Laurentia (Fig. 3; Kiessling et al. 1999). The reason for the predominance of
algal-based over coral-based biohermal structures at this time and in these regions
remains unresolved. Given the eutrophic nature of algal-based systems, upwelling-
induced nutrient seeding is a possible explanation for their distribution, as has been
proposed for modern Halimeda bioherms of Indonesia (Roberts et al. 1988). Anal-
ysis of paleogeographic maps, however, indicates that regions of bioherm develop-
ment are commonly far from modeled upwelling zones (Fig. 3; Kiessling et al.
1999). Alternatively, continental weathering resulting from widespread Pangean oro-
genesis has been suggested as the source for the excess nutrient influx that fueled
the algal growth of the late Paleozoic (Kiessling et al. 1999), but we suggest a
variation of this hypothesis, based partly on emerging patterns from the western
U.S. Here, in western equatorial Pangea, algal bioherms and eolian dust accumula-
tions display a close temporal and spatial relationship (Fig. 1). Figure 1 focuses on
documented occurrences of eolian silt, but this facies remains under-recognized, and
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FIG. 2.—Dominant Phanerozoic reef builders (modified from Kiessling et al.
1999); note predominance of algal-based (e.g. phylloid, Palaeoaplysinid) biohermal
systems during Late Carboniferous–Early Permian time algae (globally). Within
western equatorial Pangea and subordinately, northern Pangea, this interval coincides
with abundant known and suspected occurrences of eolian silt (Fig. 1; see references
in Fig. 1) and ‘‘core’’ marine phosphatic black shales (from data in Heckel 1999).
Note that black shales are rare after latest Pennsylvanian time, likely owing to in-
creasingly emergent conditions through the Permian.

FIG. 3.—Distribution of algal bioherms and modeled upwelling zones for earliest
Permian Pangea (approximate early Wolfcampian–Cirsuralian time slice), modified
from Kiessling et al. (1999).

FIG. 4.—Phanerozoic trends in d13C of carbonate carbon (modified from Holser
et al. 1988, with the Carboniferous segment updated from Mii et al. 1999).

anomalously silty strata are prevalent in this stratigraphic interval here and else-
where. Clearly, more data are needed to investigate possible dust inputs proximal
to other well-known bioherm clusters, especially in northern Pangea. On the basis
of these emerging patterns, we suggest that the algal dominance of the late Paleozoic
reflects high nutrient levels derived not necessarily from upwelling, but from high
atmospheric dust loads, as evidenced by the voluminous loessitic units of late Pa-
leozoic age. Coral–sponge buildups apparently rebounded by latest Permian time
(Fig. 2), after the inferred interval of maximum dust flux (Fig. 1).

High nutrient levels overall in the late Paleozoic world are potentially corrobo-
rated by the high d13C values of carbonate carbon recorded for this interval (Fig.
4). These values have long typed the late Paleozoic as a time of remarkable carbon
burial, clearly reflected in the terrestrial realm by evidence for expansive and diverse
land plants (Knoll et al. 1979) and resultant coal. Primary productivity in the marine
realm, however, also contributed, as recorded by major petroleum source rocks of
this age (Klemme and Ulmishek 1991); further, Kiessling et al. (1999) noted a close
correspondence between the distributions of bioherms and source rocks in this in-
terval. In modern times, high atmospheric dust loads deliver nutrients to stimulate
primary productivity in both the marine and terrestrial systems. In the marine system,
iron-seeding experiments (references above) have confirmed the importance of nu-
trient stimulation, and the proposed link between eolian dust influx and both nutrient
seeding and reef degradation in the modern Caribbean provides a probable natural
example of the influence of dust on the marine realm (Shinn et al. 2000). The
terrestrial realm is equally affected, however, because atmospheric dust provides
nutrients key to sustaining primary productivity in both tropical and desert soils that

would otherwise suffer from long-term nutrient depletion (Swap et al. 1992; Chad-
wick et al. 1999; Reynolds et al. 2001). Therefore, high atmospheric dust loads of
the late Paleozoic had the potential to contribute to primary productivity in both the
terrestrial and marine realms.

SUMMARY AND CONCLUSIONS

We suggest that the remarkable spatial and temporal coincidence of volumetrically
significant eolian siltstone and algal dominance in the late Paleozoic world reflects
nutrient seeding of ecosystems by high atmospheric dust loads in this icehouse
world. In this way, eolian dust could have stimulated significant fluctuations in
atmospheric and oceanic carbon dioxide and oxygen, and oceanic pH at the glacial–
interglacial scale, as well as through the greater icehouse–greenhouse transition of
the latest Paleozoic. Dust-induced nutrient seeding in modern time has been sug-
gested as a possible driver of atmospheric CO2 levels (Martin 1990; Watson et al.
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2000), although this link remains controversial (Maher and Dennis 2001). The pos-
sible parallels in biogeochemical cycling between the Quaternary and late Paleozoic
icehouses underscores the need for a deeper understanding of earth system behavior
over geologic time scales. Clearly, this idea is provisional, but worth expressing to
raise awareness of the geologic importance of dust in the pre-Cenozoic. In suggest-
ing it, we hope to stimulate research targeted at assessing possible effects of dust
in the ancient geologic record, including the global distribution and origin of eolian
dust in the late Paleozoic, and variations in dust flux and marine geochemistry
through glacial–interglacial cycles.
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