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Abstract
The colonization of the terrestrial environment by land plants transformed the planetary surface and its biota, and
shifted the balance of Earth’s biomass from the subsurface towards the surface. However there was a long delay
between the formation of palaeosols (soils) on the land surface and the key stage of plant colonization. The record
of palaeosols, and their colonization by fungi and lichens extends well back into the Precambrian. While these early
soils provided a potential substrate, they were generally leached of nutrients as part of the weathering process. In
contrast, volcanic ash falls provide a geochemically favourable substrate that is both nutrient-rich and has high
water retention, making them good hosts to land plants. An anomalously extensive system of volcanic arcs generated
unprecedented volumes of lava and volcanic ash (tuff) during the Ordovician. The earliest, mid-Ordovician, records of
plant spores coincide with these widespread volcanic deposits, suggesting the possibility of a genetic relationship. The
ash constituted a global environment of nutrient-laden, water-saturated soil that could be exploited to maximum
advantage by the evolving anchoring systems of land plants. The rapid and pervasive inoculation of modern volcanic
ash by plant spores, and symbiotic nitrogen-fixing fungi, suggests that the Ordovician ash must have received a
substantial load of the earliest spores and their chemistry favoured plant development. In particular, high phosphorus
levels in ash were favourable to plant growth. This may have allowed photosynthesizers to diversify and enlarge, and
transform the surface of the planet.
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Background
The establishment of land plants in the terrestrial environment brought about a fundamental transformation of
the Earth’s surface [1-7]. It involved new soils and soil
microbiota, greatly enhanced biological weathering and
new controls on landforms and erosion, a new food
chain, and new habitats for animals that increased their
diversity. It also enhanced the influence of photosynthesizers on the planet's atmosphere, increasing oxygen
concentrations and drawing down carbon dioxide by
biological weathering [1]. The Earth’s surface biomass is
now dominated by land plants [8], and is so extensive
that the occurrence of life on Earth would be evident to
observers from space [9]. The establishment of this high
surface biomass represented a crucial shift from a
planet dominated by subsurface life to one in which
surface life became proportionately significant. This
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change intrinsically involved an increase in the proportion of life ultimately supported by photosynthesis
(carbon dioxide) rather than hydrogen.
Understanding the colonization of the land surface by
plants requires us to identify if special geochemical circumstances had arisen to promote it, or if it was simply an aspect of a wider diversification of life into new niches. This
event is dated to the early/mid-Ordovician. There are several records of Ordovician plant spores, extending back to
an Arenig (Floian; 476 Ma) occurrence of liverwort-type
spores [10-13], and fungal hyphae in the Ordovician could
have been closely associated with evolving plants [14,15].
Plant growth is envisaged to have been sufficiently extensive and well-anchored to trigger the end-Ordovician glaciation by weathering-drawdown of CO2 [7]. An essential
requirement to allow colonization of the subaerial environment was the availability of nutrients in the soil rather than
through water. The ready availability of nutrients requires
some kind of soil, in which mineral matter can dissolve
into pore waters at a fast rate. For much of Earth’s history,
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the land surface was bare rock or thin microbial crust [2],
and soils were weathering products that somehow survived
the fast rate of erosion possible when there were no stabilizing land plants. Occasionally, volcanic ash fall-out contributed to the surface detritus. However, tuff (lithified
volcanic ash) formation was particularly sustained and
widespread in the Ordovician. We show here that the
chemistry of Ordovician tuffs indicates their potential role
in supplying nutrients to the earliest land plants. Data sets
(see Additional file 1 for detailed data and sources) were
chosen based upon the availability of multiple measurements, data required to calculate CIA (chemical alteration
index) values, details of analytical methods, and lack of
high-grade metamorphism. CIA values are given as the
ratio Al2O3/(Al2O3 + CaO + Na2O + K2O) [16].
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The quantification of volcanic activity on a global scale
is difficult in deep geological time, but two databases
assembled as proxies for global volcanic activity, based
on island arc volcanism [17], and numbers of ash beds
[18] both highlight the Ordovician as a period of anomalous volcanism (Figure 1). This was one of the most intense periods of volcanic activity in the Phanerozoic, and
the first intense period following the ‘explosion’ of life at
about the Precambrian-Cambrian boundary. This activity has been attributed to the formation of a superplume
[19], accelerated sea floor spreading [20], and global
reorganization of plates following the assembly of
Gondwana [21]. An abundance of ophiolites containing
Ordovician volcanic rocks has allowed the mapping of
the Ordovician system of subduction zones and related
volcanic arcs (Figure 2). There were multiple volcanic
arcs, like the West Pacific today, in several parts of the
globe, including both margins of the Iapetus Ocean,
central Asia and the Andean margin of Gondwana
(Figure 2), and they had great strike-length [21]. The extensive arcs are associated with anomalous deposits of
volcanic ash (lithified as tuff, bentonite). Large volumes
of ash are a product of explosive volcanism that is typical of periods of accelerated subduction, as at present,
and especially in the Ordovician [18,22,23]. Ash from
volcanic arcs was carried by winds hundreds to thousands of kilometres into continental interiors [24].
Tuffs and basaltic lavas occur through the entire
Ordovician and into the Silurian, but are particularly
widespread in the Arenig-Llanvirn and Caradoc (FloianDapingian and Sandbian respectively) [25]. The Caradoc
tuffs in particular occurred on a huge scale, correlated
across the Iapetus Ocean from Laurentia to Baltica
(Figure 2), and reaching a volume of over a thousand
cubic kilometres [22], more than an order of magnitude greater than from the Krakatoa eruption of 1883,
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Figure 1 Intensity of volcanic activity through the Phanerozoic.
Activity represented by relative changes in volcanic arc volume [17],
and frequency of ash bed deposition [18]. Ordovician peak in
intensity is coincident with earliest records of plants [11,12], and
decline in atmospheric CO2 (RCO2 is concentration compared to
present atmosphere: [1]). Consequence is a shift of biomass from
subsurface to surface. True roots are known from the SiluroDevonian, but an earlier soil anchoring system is possible [52].

the greatest known eruption of historical times. The
mere survival of macroscopic tuff beds suggests exceptionally large eruptions, as otherwise the ash would be
mixed into the background sediment [18,22,23]. Much
ash would have been deposited in the ocean, now largely
lost from the geological record by subduction. However,
much also fell in shallow water and terrestrial environments, hence their widespread preservation. The exposure of Ordovician volcanic rocks to contemporary
subaerial weathering is evidenced by reddened basalts
and even palaeosols on basalts [26]. Extensive weathering
of these volcanic rocks is also implicated in global isotopic and climatic signals [27,28].

Volcanic ash chemistry and plant growth

The value of volcanic ash to plant life is implied by the
fact that the most densely populated area of the world in
Indonesia, and other high-density populations in Africa,
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Figure 2 Palaeogeographic reconstruction of the Southern Hemisphere at about 470 Ma. Ordovician tuffs recorded on all major
continents, and especially in vicinity of volcanic arcs. Map is modified from [61]; data sources in Additional file 1.

are on young volcanic ash with very high soil productivity [29], the use of crushed tuffs as fertilizers [30,31], and
the rapid recovery of plants on ash-covered terrains following volcanic eruptions [29]. In even the short time
elapsed since the outpouring of troublesome ash from
Eyjafjallajökull, Iceland in 2010, there have been several
reports from Icelandic farmers describing increased plant
yields and the deliberate use of the ash as a fertilizer
[32,33]. The fertilizing potential of volcanic ash is also
evident in its effects on phytoplankton in the oceans
[34,35]. Volcanic ashes, and associated basaltic lavas, are
relatively rich in the nutrients required by plants, including iron, calcium, potassium, magnesium, sulphur, nitrogen and phosphorus. However the two elements most
likely to be limiting are phosphorus and nitrogen [29,36].
Phosphorus concentrations in modern ashes include
0.15% and 0.17% P2O5 in ashes from Japan and the
Philippines respectively, both above the crustal mean of
0.13%, and both adequate for plant growth [37]. Experiments using volcanic ash as a plant growth substrate
have demonstrated its importance as a source of phosphorus [38]. Data from Ordovician tuffs show that the
majority have P2O5 contents greater than the crustal

mean (Figure 3), and that in mixed volcanic-sedimentary
successions, tuffs are more phosphorus-rich than the
normal sediments [39,40]. Considering that these values
may be depleted from original concentrations by leaching, they indicate that the Ordovician ashes contained
adequate phosphorus for plant growth. The phosphorus
in these rocks is, like today, mainly in the form of
apatite. Apatite is relatively soluble in (acidic) rain water,
so can be readily liberated from ash into soil solutions
[37]. The survival of much apatite in Ordovician tuffs
today shows that they had potential for long-term release of phosphorus.
Nitrogen availability is less easy to quantify in ancient
systems, as most nitrogen is introduced to ashes by rain
water or by fixation from symbiotic micro-organisms
[37]. Nevertheless, there is evidence that microbial communities were colonizing soils before the Ordovician, in
the Precambrian [2,41-43] and nitrogen fixation was
already comparable to the present day, including in terrestrial systems [44]. More specifically, the land surface
was probably colonized already by fungi and lichens
[42,43,45], and they and the primitive liverwort plants
established in the Ordovician [10] are all capable of
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Figure 3 Phosphorus contents (wt.% P2O5) for Ordovician tuffs. Most values exceed mean crustal value of 0.13%. Data set for Ireland [40]
shows higher values in Ordovician tuffs compared to contemporaneous sediments. Detailed data and sources in Additional file 1.

nitrogen fixation. Mycorrhizal fungi are believed to have
been instrumental to the colonization of land by plants
by symbiotic nutrient acquisition [46], in a relationship
established by Ordovician times [14,15,45,47]. These
fungi inoculate volcanic ash by wind following modern
eruptions [48]. Nitrogen fixation might be enhanced by
volcanic lightning in ash clouds [49,50], and nitrogen delivery would also be possible through weathering of the
ashes. There was, therefore, strong potential for nitrogen
availability in ash to the earliest plants.
The physical attributes of volcanic ash allow good drainage, but also high retention of plant-available water
[37,51], which would have been essential to the earliest
plants occupying moist lowland areas. It also provides excellent ‘tilth’, the physical condition related to fitness as a
seed-bed [37]. The combination of water and nutrient
availability would have made ashes a favourable setting for
the seeding of primitive plants. Although the oldest true
roots recorded to date are of Silurian age, some form of
soil anchoring system which absorbed nutrients is probable from the earliest stages of land colonization [52,53].
The permeable but water-retaining soils that support
plants widely today would not form until plant roots
themselves had evolved to secrete rock-consuming organic acids and stabilize the residual grains.

The importance of volcanic ash, via plants, to the
whole food chain, is exemplified today in an extensively
studied ecosystem in the Serengeti, Tanzania. High phosphorus levels in the ash are conferred to the grassland
vegetation, which is consumed by wildebeests, who are
eaten by animal predators and whose dung supports
huge numbers of insects [54,55].
Volcanic ash compared to earlier soils

The geochemical contrast between earlier, Precambrian,
soils and the Ordovician volcanic ashes is evident in
values for CIA (Chemical Index of Alteration). In
Precambrian soils, alkalis (K, Na, Ca), and other, additional, elements not used to calculate the alteration
index, were typically all leached to leave high CIA values
of 75 to 100 [56] (Figure 4). In Ordovician tuffs this depletion is not observed, and even allowing that some
tuffs may be diagenetically enriched in potassium [24],
there was clearly a greater nutrient retention in the ashes
(Figure 4). The significance of the lower CIA values
(mostly 60–70) for the Ordovician tuffs is emphasized by
higher values (70–80) for Ordovician siliciclastic deposits
in several parts of the world [57-59]. The tuffs were a
particularly fertile protolith. Similarly, modern ashes have
relatively low CIA values [60] (Figure 4). Given that tuff
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Figure 4 Chemical Index of Alteration (CIA) for ashes and soils. Modern [60] and Ordovician volcanic ash (tuff) (sources in Additional file 1)
show lower values than Precambrian soils [56]. Modern soils [56] show wide-ranging values, reflecting varying involvement of plants in different
climates.

beds were deposited almost instantaneously, they represent
a flux of phosphorus and other nutrients to the surface
greatly in excess of that during normal sedimentation or
soil formation. Progressive exposure and erosion of the tuffs
could have delivered nutrient-rich material available to
plants at the surface over a prolonged time.

Conclusion
There is clearly a coincidence between the earliest
records of plants and the timing of exceptional volcanic
activity and ash-fall. Ash was not essential to plant
growth, but was widely available, and must have received
a substantial load of the available spores. Where tuffs
survived subaerial erosion, they could have remained at
the land surface for prolonged periods, as found in
highly populated regions today [29], so that repeated inoculation by spores was unavoidable. Given its beneficial
chemical and physical properties, spores embedded in
ash must have had a relatively favourable chance of germination. The strong suitability of these volcanic deposits to support plant growth suggests that they deserve

detailed scrutiny for early plant fossils. The compaction
of highly porous ashes during lithification to tuffs will
make such evidence difficult to discern, and the welldrained environment of ashes is not conducive to fossil
preservation. However, rare palaeosols formed on
Ordovician basalts show mineral alteration attributed to
nonvascular plants [26], providing evidence that volcanic
rocks may indeed have been suitable substrates and
thereby played an important role in the colonization of
land by plants.

Additional file
Additional file 1: Ordovician ash geochemistry and the
establishment of land plant [62-84].
Competing interests
Both authors declare that they have no competing interests.
Authors’ contributions
JP initiated and directed the project, and put the data in geological context.
SF assembled and processed the geochemical data and ash distribution
data. Both authors read and approved the final manuscript.

Parnell and Foster Geochemical Transactions 2012, 13:7
http://www.geochemicaltransactions.com/content/13/1/7

Acknowledgements
We are grateful to A. Sandison and C.W. Taylor for skilled technical support,
and R. Prendergast for moral support. The manuscript benefitted from the
helpful comments of 4 reviewers.
Author details
1
School of Geosciences, University of Aberdeen, Aberdeen AB24 3UE, UK.
2
Victoria College, Cranmore Park, Belfast BT9 6JA, UK.
Received: 18 June 2012 Accepted: 21 August 2012
Published: 28 August 2012
References
1. Berner RA: The carbon cycle and CO2 over Phanerozoic time: the role of
land plants. Philosophical Transactions of the Royal Society 1998, 353:75–82.
series B.
2. Retallack GJ: Soils of the past. Blackwell, Oxford: An Introduction to
Paleopedology; 2001.
3. Brasier AT: Searching for travertines, calcretes and speleothems in deep
time: processes, appearances, predictions and the impact of plants. Earth
Sci Rev 2011, 104:213–239.
4. Davies NS, Gibling MR: Cambrian to Devonian evolution of alluvial
systems: the sedimentological impact of the earliest land plants. Earth
Sci Rev 2010, 98:171–200.
5. Beerling DJ, Berner RA: Feedbacks and the coevolution of plants and
atmospheric CO2. Proc Natl Acad Sci 2005, 102:1302–1305.
6. Amundson R, Richter DD, Humphreys GS, Jobbagy EG, Gaillardet J:
Coupling between biota and earth materials in the critical zone. Elements
2007, 3:327–332.
7. Lenton TM, Crouch M, Johnson M, Pires N, Dolan L: First plants cooled the
Ordovician. Nat Geosci 2012, 5:86–89.
8. Whitman WB, Coleman DC, Wiebe WJ: Prokaryotes: the unseen majority.
Proceedings of the National Academy of Science, USA 1998, 95:6578–6583.
9. Sagan C, Thompson WR, Carlson R, Gurnett D, Hord C: A search for life on
earth from the Galileo spacecraft. Nature 1993, 365:715–721.
10. Wellman CH, Osterloff PL, Mohiuddin U: Fragments of the earliest land
plants. Nature 2003, 425:282–285.
11. Shaw J, Renzaglia K: Phylogeny and diversification of bryophytes. Am J
Bot 2004, 91:1557–1581.
12. Rubinstein CV, Gerrienne P, de la Puente GS, Astini RA, Steemans P: Early
Middle Ordovician evidence for land plants in Argentina (eastern
Gondwana). New Phytol 2010, 188:365–369.
13. Steemans P, Le Hérissé A, Melvin J, Miller MA, Paris F, Verniers J, Wellman
CH: Origin and radiation of the earliest vascular land plants. Science 2009,
324:353.
14. Redecker D, Kodner R, Graham LE: Glomalean fungi from the Ordovician.
Science 2000, 289:1920–1921.
15. Blackwell M: Terrestrial life - Fungal from the start? Science 2000,
289:1884–1885.
16. Nesbitt HW, Young GM: Early Proterozoic climates and plate motions
inferred from major element chemistry of lutites. Nature 1982,
299:715–717.
17. Khain VE, Seslavinsky KB (Eds): Historical geotectonics: palaeozoic. New Delhi:
IBH Publishing Co; 1996.
18. Sell BK: Intense volcanism and Ordovician icehouse climate. In Ordovician
of the world. Edited by Gutiérrez-Marco JC. Madrid: Instituto Geológico y
Minero de España; 2010:527–536.
19. Barnes C: Was there an Ordovician superplume event? In The great
Ordovician biodiversification event. Edited by Webby BD, et al. New York:
Columbia University Press; 2004:77–80.
20. Dewey J: Ophiolites and lost oceans: rifts, ridges, arcs, and/or scrapings?
Geol Soc Am Spec Pap 2003, 203:153–158.
21. van Staal CR, Hatcher RD: Global setting of Ordovician orogenesis.
Geol Soc Am Spec Pap 2010, 466:1–11.
22. Huff WD, Bergstrom SM, Kolata DR: Ordovician explosive volcanism.
Geol Soc Am Spec Pap 2010, 466:13–28.
23. Huff WD, Bergström SM, Kolata DR: Gigantic Ordovician volcanic ash
fall in north America and Europe: biological, tectonomagmatic, and
event-stratigraphic significance. Geology 1992, 20:875–878.
24. Kolata DR, Huff WD, Bergström SM: Ordovician K-bentonites of eastern
North America. Geol Soc Am Spec Pap 1996, 313:1–84.

Page 6 of 7

25. Huff WD, Bergstrom SM, Kolata DR, Cingolani SA, Astini RA: Ordovician
K-bentonites in the Argentine Precordillera: relations to Gondwana
margin evolution. Geological Society, London, Special Publications 1998,
142:107–126.
26. Freakes CR, Holland HD, Zbinden EA: Ordovician paleosols at Arisaig, Nova
Scotia, and the evolution of the atmosphere. Catena Supplement 1989,
16:207–232.
27. Young SA, Saltzman MR, Foland KA, Linder JS, Kump LR: A major drop in
seawater 87Sr/86Sr during the middle Ordovician (Darriwilian): links to
volcanism and climate? Geology 2009, 37:951–954.
28. Nardin E, Goddéris Y, Donnadieu Y, Le Hir G, Blakey RC, Pucéat E, Aretz M:
Modeling the early Paleozoic long-term climatic trend. Geol Soc Am Bull
2011, 123:1181–1192.
29. Shoji S, Nanzyo M, Dahlgren RA: Volcanic Ash soils: genesis. Elsevier,
Amsterdam: Properties and Utilization; 1993.
30. Silber A, Bar-Yosef B, Chen Y: pH-dependent kinetics of tuff dissolution.
Geoderma 1999, 93:125–140.
31. Barak P, Chen Y, Singer A: Ground basalt and tuff as iron fertilizers for
calcareous soils. Plant Soil 1983, 73:155–158.
32. Louder R: Volcanic ash may be helping vegetation growth. The Reykjavik
Grapevine 2010, 2010:24.
33. Seward W, Edwards B: Testing hypotheses for the use of Icelandic
volcanic ashes as low cost, natural fertilizers. Geophys Res Abstr 2012,
14:EGU2012–11493.
34. Frogner P, Gislason SR, Oskarsson N: Fertilizing potential of volcanic ash in
ocean surface water. Geology 2001, 29:487–490.
35. Duggen S, Croot P, Schacht U, Hoffmann L: Subduction zone volcanic ash
can fertilize the surface ocean and stimulate phyoplankton growth:
Evidence from biogeochemical experiments and satellite data. Geophys
Res Lett 2007, 34:L01612. doi:10.1029/2006GL027522, 2007.
36. Raich JW, Russell AE, Crews TE, Farrington H, Vitousek PM: Both nitrogen
and phosphorus limit plant production on young Hawaiian lava flows.
Biogeochemistry 1996, 32:1–14.
37. Shoji S, Takahashi T: Environmental and agricultural significance of
volcanic ash soils. Global Environmental Research 2002, 6:113–135.
38. Joergensen RG, Castillo X: Interrelationships between microbial and soil
properties in young volcanic ash soils of Nicaragua. Soil Biol Biochem
2001, 33:1581–1589.
39. Bahlburg H, Carlotto V, Cardenas J: Evidence of early to middle Ordovician
arc volcanism in the Cordillera Oriental and Altiplano of Southern Peru,
Ollantaytambo formation and Umachiri beds. Journal of South American
Earth Sciences 2006, 22:52–65.
40. Ryan KM, Williams DM: Testing the reliability of discrimination diagrams
for determining the tectonic depositional environment of ancient
sedimentary basins. Chem Geol 2007, 242:103–125.
41. Horodyski RJ, Knauth LP: Life on land in the Precambrian. Science 1994,
263:494–498.
42. Yuan X, Xiao S, Taylor TN: Lichen-like symbiosis 600 million years ago.
Science 2005, 308:1017–1020.
43. Knauth LP, Kennedy MJ: The late Precambrian greening of the earth.
Nature 2009, 460:728–732.
44. Raven JA, Yin ZH: The past, present and future of nitrogenous
compounds in the atmosphere, and their interactions with plants.
New Phytol 1998, 139:205–219.
45. Heckman DS, Geiser DM, Eidell BR, Stauffer RL, Kardos NL, Hedges SB:
Molecular evidence for the early colonization of land by fungi and
plants. Science 2001, 293:1129–1133.
46. Brundrett MC: Coevolution of roots and mycorrhizas of land plants.
New Phytol 2002, 154:275–304.
47. Simon L, Bousquet J, Lévesque RC, Lalonde M: Origin and diversification of
endomycorrhizal fungi and coincidence with vascular land plants. Nature
1993, 363:67–69.
48. Allen MF: Re-establishment of mycorrhizas on mount St. Helens:
migration vectors. Trans Br Mycol Soc 1987, 88:413–417.
49. Navarro-González RN, Molina MJ, Molina LT: Nitrogen fixation by volcanic
lightning in the early Earth. Geophys Res Lett 1998, 25:3123–3126.
50. Segura A, Navarro-González R: Nitrogen fixation on early Mars by volcanic
lightning and other sources. Geophys Res Lett 2005, 32:L05203. doi:10.1029/
2004GL021910.
51. Ugolini FC, Dahlgren RA: Soil development in volcanic ash. Global
Environmental Research 2002, 6:69–81.

Parnell and Foster Geochemical Transactions 2012, 13:7
http://www.geochemicaltransactions.com/content/13/1/7

52. Jang G, Yi K, Pires ND, Menand B, Dolan L: RSL genes are sufficient for
rhizoid development in early diverging land plants. Development 2011,
138:2273–2281.
53. Jones VAS, Dolan L: The evolution of root hairs and rhizoids. Ann Bot
2012, 110:205–212.
54. McNaughton SJ, Chapin FS: Effects of phosphorus nutrition and
defoliation on C4 graminoids from the Serengeti plains. Ecology 1985,
66:1617–1629.
55. McNaughton SJ, Ruess RW, Seagle SW: Large mammals and process
dynamics in African ecosystems. Bioscience 1988, 38:794–800.
56. Maynard JB: Chemistry of modern soils as a guide to interpreting
Precambrian paleosols. J Geol 1992, 100:279–289.
57. Cingolani CA, Manassero M, Abre P: Composition, provenance
and tectonic setting of Ordovician siliciclastic rocks in the San
Rafael block: Southern extension of the Precordillera crustal
fragment, Argentina. Journal of South American Earth Sciences 2003,
16:91–106.
58. Young GM, Minter WEL, Theron JN: Geochemistry and palaeogeography
of upper Ordovician glaciogenic sedimentary rocks in the table
mountain group, South Africa. Palaeogeogr Palaeoclimatol Palaeoecol 2004,
214:323–345.
59. Yan D, Chen D, Wang Q, Wang J: Large-scale climatic fluctuations in the
latest Ordovician on the Yangtze block, south China. Geology 2010,
38:599–602.
60. Shoji S, Kobayashi S, Yamada I, Masui J: Chemical and mineralogical
studies on volcanic ashes. I. Chemical composition of volcanic ashes and
their classification. Soil Science and Plant Nutrition 1975, 21:311–318.
61. Cocks LRM, Torsvik TH: Earth geography from 500 to 400 million years
ago: a faunal and palaeomagnetic review. J Geol Soc Lond 2002,
159:631–644.
62. Dronov AV, Huff WD, Kanygin AV, Gonta TV: K-bentonites in the upper
Ordovician of the Siberian platform. In Edited by Gutiérrez-Marco JC.
Instituto Geológico y Minero de España, Madrid: Ordovician of the World;
2011:135–141.
63. Gutiérrez-Alonso G, Fernández-Suárez J, Gutiérrez-Marco JC, Corfu F, Murphy
JB, Suárez M: U-Pb depositional age for the upper Barrios Formation
(Armorican Quartzite facies) in the Cantabrian Zone of Iberia:
Implications for stratigraphic correlation and paleogeography. Geol Soc
Amer Spec Paper 2007, 423:287–296.
64. Haynes JT, Huff WD, Melson WG: Major Ordovician tephras generated by
caldera-forming explosive volcanism on continental crust: evidence from
biotite compositions. In Edited by Gutiérrez-Marco JC. Instituto Geológico y
Minero de España, Madrid: Ordovician of the World; 2011:229–235.
65. Huff WD, Bergstrom SM: Castlemainian K-bentonite beds in the Ningkuo
formation of the Jiangshan province – the first lower Ordovician
K-bentonites found in China. Palaeoworld 1995, 5:101–105.
66. MacLachlan K, O’Brien BH, Dunning GR: Redefinition of the wild bight
group, Newfoundland: implications for models of island-arc evolution in
the exploits subzone. Canadian Journal of Earth Science 2001, 38:889–907.
67. Popov LE, Bassett MG, Zhemchuzhnikov VG, Holmer LE, Klishevich IA:
Gondwanan faunal signatures from early Palaeozoic terranes of Kazakhstan
and central Asia: evidence and tectonic implications. Geological Society,
London: Special Publications; 2009:23–64. 325.
68. Ramos E, Marzo M, de Gibert JM, Tawengi KS, Khoja AA, Bolatti ND:
Stratigraphy and sedimentology of the middle Ordovician Hawaz
formation (Murzuq Basin, Libya). AAPG Bull 2006, 90:1309–1336.
69. Ross RJ: The Ordovician system: progress and problems. Annual Reviews
of Earth and Planetary Science 1984, 12:307–335.
70. Ryan KM, Williams DM: Testing the reliability of discrimination diagrams
for determining the tectonic depositional environment of ancient
sedimentary basins. Chemical Geology 2007, 242:103–125.
71. Sliaupa S: Ordovician-Silurian metabentonites in the Baltic basin: a record
of surrounding Caledonian volcanic activity. Geophysical Journal 2000,
22:128–129.
72. Tait J, Bachtadse H, Soffel H: New palaeomagnetic constraints on the
position of central Bohemia during Early Ordovician times. Geophys J Int
1994, 116:131–140.
73. Villas E, Gisbert J, Montesinos R: Brachiopods from volcaniclastic middle
and upper Ordovician of Asturias (Northern Spain). J Paleont 1989,
63:554–565.

Page 7 of 7

74. Alvaro JJ, Ezzouhairi H, Ribeiro ML, Ramos JF, Solá AR: Early Ordovician
volcanism in the Iberian Chains (NE Spain) and its influence on the
preservation of shell concentrations. Bulletin de la Societe Géologique de
France 2008, 179:569–581.
75. Brusewitz AM: Chemical and physical properties of Paleozoic potassium
bentonites from Kinnekulle, Sweden. Clay and Clay Minerals 1986,
34:442–454.
76. Delano JW, Schirnick C, Bock B, Kidd WSF, Heizler MT, Putman GW, De Long
SE, Ohr M: Petrology and geochemistry of Ordovician K-bentonites in
New York State: constraints on the nature of a volcanic arc. Journal of
Geology 1990, 98:157–170.
77. Fritz WJ, Stillman CJ: A subaqueous welded tuff from the Ordovician of
county Waterford, Ireland. Journal of Volcanology and Geothermal Research
1996, 70:91–106.
78. Fritz WJ, Vanko DA: Geochemistry and origin of a black mudstone in a
volcaniclastic environment, Ordovician Lower Rhyolitic Tuff Formation,
North Wales, UK. Sedimentology 1992, 39:663–674.
79. Huff WD, Merriman RJ, Morgan DJ, Roberts B: Distribution and tectonic
setting of Ordovician K-bentonites in the United Kingdom. Geological
Magazine 1993, 130:93–100.
80. Leat PT, Thorpe RS: Ordovician volcanism in the Welsh Borderland. 1986,
123:629–640.
81. Leo GW: Trondhjeimite and metamorphosed quartz keratophyre tuff of
the Ammonoosuc Volcanics (Ordovician), western New Hampshire and
adjacent Vermont and Massachusetts. Geological Society of America Bulletin
1985, 96:1493–1507.
82. Orton G: Geochemical correlation of Ordovician flow tuffs in North
Wales. Geological Journal 1992, 27:317–338.
83. Wilson RA: Geochemistry and petrogenesis of Ordovician arc-related
mafic volcanic rocks in the Popelogan Inlier, northern New Brunswick.
Canadian Journal of Earth Science 2003, 40:1171–1189.
84. Young TP, Gibbons W, McCarroll D: Geology of the country around Pwllheli.
Memoir, British geological survey. London: The Stationery Office; 2002.
doi:10.1186/1467-4866-13-7
Cite this article as: Parnell and Foster: Ordovician ash geochemistry and
the establishment of land plants. Geochemical Transactions 2012 13:7.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

