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ABSTRACT
The sedimentary record is an inexhaustible repository of information on global climates. The 
study of documents of past climate change may help us to understand not only the causes 
and presumable effects of the current change, but also to reveal the often complex and subtle 
mechanisms regulating the system. Ferrallitic soils and soil-derived sediments (=bauxites) 
are generally considered as best climate-indicators on dry-land. Their frequency distribution 
through geologic time shows pronounced positive anomalies  coincident with greenhouse pe-
riods of  Earths’ history. It is proposed that intense ferrallitic weathering instead of being sim-
ply the passive product of the greenhouse could be also one of the negative feedbacks of the 
system counteracting warming by contributing to the pump-down of greenhouse gases from 
the atmosphere. In this way it helped to decelerate both the carbon-cycle and the hydrologi-
cal-cycle. The mass-transfer of oxygen from the atmosphere to the lithosphere is tentatively 
considered as an additional negative feedback acting to slow down oxidative weathering on 
land. It is suggested that the study of bauxites and correlative anoxic sediments in the oceans 
should be used to reveal details of the above complex regulation mechanism.
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1. INTRODUCTION
More than 25 years ago, an IGCP Project - No. 287 „Tethyan 
Bauxites” - was initiated and enthusiastically joined by all the 
karst-bauxite geologists of the Mediterranean and beyond. 
Along with Prof. Goran Durn (then a student), his supervisor 
Prof. L. Palinkaš and the late Prof. Šinkovec, Prof. Jurković  
was among the participants sharing his experience and ideas 
about  the geology and the bauxite deposits of the Dinarids. 
The main goal of that project was to summarize all  published 
and unpublished data on Mediterranean karst bauxites in or-
der to improve our understanding of the controls of bauxite 
genesis. At that point, tectonics was in the focus of interest, 
climate was taken for granted, inasmuch as humid tropical to 
subtropical conditions were considered as causae sine qua 
non of bauxite formation, providing the necessary geochemi-
cal environment of intense weathering. The localization of 
the deposits  within the favourable climatic zone was assigned 
to geotectonic, geomorphologic and hydrologic factors and to 
the lithology of the karstic host rocks. That greenhouse condi-
tions were of crucial importance in bringing about the anoma-
lous abundance of bauxites in Cretaceous times was acknow
ledged by the community of IGCP-287 and tentatively ex-
posed at EUG in Strasbourg 1991, then reiterated by 
D’Argenio & Mindszenty in their review on bauxites 
and palaeokarst in 1995. Major arguments for a causal rela-
tionship existing between the frequency distribution of baux-
ites and globally warm, humid climatic periods of the Earth 
history had perviously been put forward in 1982 by Bár-
dossy,  Bárdossy & Aleva  (1990), D’Argenio & 
Mindszenty (1992) and Föllmi et al. (1993). Though 
there are also some doubts regarding the simplistic climatic 
interpretation of palaeoclays (eg. Singer 1980;1984), or 
Thiry (2000), there is a general agreement about the anoma-
lous abundance of bauxites in the stratigraphic record being 

the signs of long-lasting warm-humid conditions in suba
erially exposed areas. The aim of the present  paper is to show 
that instead of being passive products of the greenhouse,  
bauxites might have acted  (though in a rather subtle way), as 
one of the feedbacks during the development and fading of 
the Cretaceous greenhouse.

2. BAUXITES - RELIABLE CLIMATE  
INDICATORS
The sedimentary record is an inexhaustible repository of in-
formation on global climates (eg. Erhart (1955, 1966, 
1967), Frakes (1979), Parrish (1998) and many others). 
All the elementary processes of sedimentary rock formations, 
i.e. weathering, transportation, deposition even the early sta
ges of diagenesis are, at least to some extent, climate-con-
trolled. Mineralogy, chemistry, texture, structure of sedimen
tary rocks and their characteristic fossil assemblages being 
the direct or indirect results of climate-dependent elementary 
processes, may faithfully record  past climatic parametres like 
temperature, humidity, evaporation, hydrogeochemistry etc. 
However, since climate is by far not the only factor determi
ning the final appearance of a sedimentary rock, and since all 
postdepositional processes (including burial diagenesis) tend 
to conceal or at least to modify the original climate signal 
potentially preserved in sedimentary particles, there are but a 
few really reliable climate indicators. 

A literature review of past climate changes may help to 
understand not only the causes and presumable effects of the 
current change, but they may also help to reveal the often 
complex and subtle mechanisms regulating the system. To 
pursue this goal it is useful first to review available data on 
modern climate-specific sediments such as evaporites, aeolian 
deposits, coral reefs and bauxites. 
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Fig 1. shows the global distribution of modern climate 
indicators based on PARRISH et al. (1982), Parrish (1998),  
Bárdossy & Aleva (1990) and SCOTESE (2001). Concise 
and also more sophisticated  reviews are available in papers by 
Price et al. (1997a,b,) Sellwood & Price (1994), Allen 
et al. (1994). They all confirm that in one way or another, all 
sediments are indeed climate-sensitive. There are two of them that 
seem to be properly restricted to one particular climatic zone, as 
bauxites and coral reefs occur exclusively in the tropics. In other 
words, in modern times, the best tropical climate indicators are 
coral reefs in the oceans and ferrallitic soils (oxisols i.e. eqivalents 
of bauxites in the stratigraphic record) on dryland, and at least as 
far as ferrallitic soils are concerned, this must have been the 
situation throughout the Phanerozoic. The role of bauxites as 
unequivocal climate indicators has been confirmed by Price et 
al. (1997) and more recently by Retallack (2010). It has to be 
noted, though, that most bauxites, occurring on tropical 
landmasses, having been exposed since Mesozoic to Early 
Tertiary times, are not necessarily the products of the current 
climatic scenario (e.g, Thiry (2000) and others).

3. BAUXITES AND GREENHOUSE PERIODS
It was  first pointed out by Bárdossy (1982), then by Bár-
dossy & Aleva (1990), D’Argenio & Mindszenty 
(1992) and more recently by Retallack (2010) that the fre-
quency distribution of bauxites through geological time shows 
pronounced positive anomalies coincident with the „green-
house” periods of Earth history (Fig. 2). This trend is particu-
larly well demonstrated by karst  bauxites, the age of which is 
better constrained by the enclosing carbonates than that of those 
occurring in a lateritic association.

When, as an example focussing on Cretaceous karst bauxites 
and apparently contemporaneous global events, it is easy to see 
that even though the age-resolution of the studied phenomena 
is very different, bauxite-peaks are, indeed, coincident with 
globally high temperatures, concommittant eustatic sea-level 
highs,  positive anomalies of world-wide igneous activity and 

Figure 1. Global distribution of climate-dependent sediments (data from BÁRDOSSY & ALEVA, 1990, PARRISH 
1998, SCOTESE, 2001). Legend: B=bauxites, S=evaporites, E=aeolian sands, asterisks=coral reefs

Figure 2. Relative abundance of bauxites in the stratigraphic record (af-
ter BÁRDOSSY  & ALEVA 1990). (grey shading= warm wet periods)
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abundant oceanic anoxia  (Fig. 3). The correlation of bauxite-
type weathering with peak global temperatures and sea-level 
may  arise simply from the fact that all are direct consequences 
of the Cretaceous greenhouse. The correlation with the peak of 
igneous activity is certainly indirect, either because of the 
enhancement of atmospheric CO2 and therefore a contribution to 
the greenhouse (LARSON (1991), Larson & Erba (1999), 
Kuroda et al. (2007), which is also favourable for bauxites, or  
because of the release of large amounts of volcanic dust, 
providing the necessary source material for bauxites (Marić, 
(1966); D’Argenio (1970); Bárdossy et al. (1977); 
D’Argenio & Mindszenty, (1991, 1992).  

It was this latter coincidence  which at the time of IGCP-287 
directed our attention to the relationship of  bauxites and 
geodynamics, extensively discussed  by Bárdossy (1973), 
Bárdossy & Dercourt (1990), Combes & Bárdossy 
(1994), D’Argenio & Mindszenty (1991, 1995), 
Mindszenty et al. (1996). Peak abundance of Cretaceous 
bauxites in fact coincides with subduction and subsequent 
orogenic deformation all along the Alp-Himalayan orogenic 
belt. 

The obvious reason for the coincidence with  orogenic 
deformation is the requirement of exposed land for continental 

weathering. At times of globally high sea-level as in Cretaceous 
times, the only way to provide for subaerial weathering 
(sufficiently long-lasting for bauxites to form) is the tectonically 
controlled uplift of large previously submarine areas. In fact,  
Cretaceous karst bauxites occur on tectonically affected  
shallow-water carbonate platform sectors all over the Tethyan 
realm  and beyond (Figs. 3 and 4).

The correlation of bauxites with oceanic anoxia deserves 
special attention, because it connects two obviously climatically 
controlled, but seemingly unrelated, if not antagonistic 
phenomena: products of strongly oxidizing chemical weathering 
on land (which efficiently destroys/removes organic matter in/
from the soil, (e.g Patel-Sorrentino et al. (2007) and 
oxygen-deficient, organic-rich  sediments in the sea. Anoxic 
sediments form in places where  the sediment surface intersects 
the oxygen-minimum zone of the oceanic water-mass. At 
greenhouse-times, when organic productivity is particularly 
high in the surface water-layer this may also happen in shallow 
shelf regions or else in partially closed compartments of the 
deep sea, where ventilation is insufficient to replace dissolved 
oxygen consumed by organic decay (Fig. 5) (e.g. Schlanger 
& Jenkyns (1976); WEISSERT & McKENZIE (1979); 
JENKYNS (1980); and many others).

Figure 3. Cretaceous bauxites, geotectonics and paleoenvironmental factors (basic data from Scotese’s PALEOMAP Project (2002), LARSON, 1990 
and D’ARGENIO & MINDSZENTY (1994)) (white asterisks: position of the cartoons showing the geodynamic settings where bauxites occur).
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4. BAUXITES AND OCEANIC ANOXIC 
EVENTS – THE TERRESTRIAL AND THE 
OCEANIC CARBON PUMP 
However unrelated those highly oxidized ferrallitic soils and 
anoxic sediments may seem to be, they may not only coincide 
in time but occur in close juxtaposition, as well.

This is particularly well demonstrated by the Dinaric-
Adriatic-Apenninic domain in Cretaceous times (see Fig. 6), 
where bauxites on the exposed sectors of the Campania-
Lucania, Abruzzi and Apulia carbonate platforms correlate 
very well with anoxic sediments in the Umbria-Marche Basin 
and in certain Adriatic shelf sectors (BÁRDOSSY et al. (1977);  
JENKYNS (1980);  and Fig. 6).

When looking into the details of the geochemistry of anoxia 
and ferrallitic weathering both the apparent coincidence and 
the above juxtaposition may be explained.

2KAlSi3O8 + 2H2CO3 + 9H2O  →   2K+ + 2HCO3
- + Al2Si2O5 (OH)4 + 4H4SiO4   (1)

 (felspar)				               (kaolinite)
Al2Si2O5 (OH)4  +  5H2O  →   2Al(OH)3  +  2H4SiO4    (2)
   (kaolinite)	  	       	             (gibbsite)

Anoxic sedimentation in the oceans is considered as the 
essential part of the “biological carbon-pump” (eg. Volk & 
HoEffert (1985) in as much as CO2 taken up from air/water 
by photosynthesizing organisms is efficiently transferred from 
the atmosphere to the lithosphere when dead phytoplankton  
reaches the  ocean-bottom, becomes buried and thus withdrawn 
for a long time from the carbon cycle (cf. with JENKYNS 
(1980); SCHLANGER et al. (1987); and Fig. 5).  

As pointed out by Berner et al. (1983), Berner (1991), 
Amiotte Suchet & Probst (1994), VELBEL (1993); 
Lasaga et al. (1994); and several others, chemical weathering 
also consumes CO2 on land. So we may agree with Berner  
et al. (1983), that in addition to the well-known carbon-pump, 
driven by anoxic sedimentation in the oceans, there is another, 
land-based (or terrestrial) carbon-pump, operated by chemical 
weathering  likewise transferring carbon from the atmosphere 
into the lithosphere i.e. into soils and sediments. As shown by 
Amiotte Suchet & Probst (1994), more intense 
chemical weathering on the continents results in higher CO2 
consumption so periods with abundant ferrallitic soils  
(bauxites) may be signs of particularly efficient performance 
of the  terrestrial carbon-pump.

The co-incidence of the anomalous abundance of anoxic 
sediments and bauxites in Cretaceous times as pointed out by 
D’Argenio & Mindszenty (1992), FOELLMI et al. 
(1993), Jenkyns (2003) suggests that the two carbon pumps 
may somehow be coupled and when that happens, their effects 
may be greatly enhanced (Fig. 7).

Similar to Foellmi’s suggestion who, when explaining the 
anomalies of the Phosphorous-cycle, introduced the idea of the 
VITAMIN (Volcanicaly Induced Transfer and Accelerated 
Mineralization of Inhibiting Nutrients) periods (FOELLMI et 
al. (1993) and in agreement with Jenkyns (2003) who called 
attention to the increased amounts of continental runoff at 
times of peak greenhouse periods, we propose a Cretaceous 
scenario where nutrients (i.e. K, P, Ca, Mg, Na and also Fe) 
liberated by chemical weathering on land, reaching the ocean 
in solution by groundwater flow, and also by surface runoff (as 
fine hydrated particles) or as airborn dust, would significantly 
contribute to the increase of organic production in the photic 

Figure 4. Areal disribution of Cretaceous bauxites. Base map from  ZIEGLER (1988).

Key: 1 - continental crust, 2 - carbonate platforms/open shelves, 3 - pelagic/hemipelagic basins, 4 - terrige-
neous shelves, 5 - deformed belts and ophiolites, 6 - Oceanic crust anjd sediments, 7 - Tethyan karst baux-
ites (insert: world bauxites karst+laterite), AM - Armorican Massif, MC -Massif Central,  BM - Bohemian 
Massif, EA - Eastern Alps, TR - Transdanubian Range, MP -Moesia, HE -Hellenids, HK - Dinaric High 
Karst, AP -Apulia, LA - Latium-Abruzzi, LC - Campania-Lucania, CS - Corsica-Sardinia, PY - Pyrenees, 
LP - Languedoc-Provence, IBM - Iberian Massif, 30o  -  estimated paleolatitudes (based on PARRISH et al., 
1982, MÁRTON & MÁRTON, 1985 and SCLATER et al., 1977).
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zone (Fig. 8). In this way they may „prepare the ground” for 
anoxic sedimentation and thus trigger the withdrawal of excess 
carbon from the atmospheric reservoir. Calculations of Liu et 
al. (2010) for the recent world seem to support this idea even 
though they emphasize the need for further more detailed 
studies. 

Among the nutrients introduced into the ocean, iron seems 
to play a rather particular role. The idea that Fe, being a limiting 
nutrient for organisms including eg. Chrysophyta and 
Bacillariophyta, is likely to be decisive from the point of view 
of the organic productivity of the oceans is more and more 
popular. As pointed out first by Martin & Gordon (1988)  
Fe-deficiency might result in zero productivity, even if all 
other  conditions were favourable for life (=High Nutrient 
Low Chlorophyll areas). They suggested that in such low-
productivity sectors of the oceans “iron-fertilization” would 
dramatically increase chlorophyll production. The hypothesis 
was tested in the late ‘80’s in the Pacific in the frames of the so 
called IronEx experiment (Martin & Fitzwater (l988).  
That dust may be blown out from tropical areas and carried all 
across the Atlantic by the trade winds as far as Bermuda was 

previosuly detected by Muhs et al. (1990), and that South 
African dust may reach the South Indian ocean was shown by 
Piketh et al. (2000). It was also shown  that dust contains not 
only fine grained muscovite, felspar and quartz but also 
abundant iron-rich alteration products (Herwitz & Muhs 
(1995) or Herwitz et al. (1996), etc.). That together with 
clay particles iron-rich particulate material may be introduced 
into the ocean by river runoff has also been known for a long 
time (e.g. Carrol (1958); Poulton & Raiswell 
(2002). The possibility of natural iron-fertilization of the 
surface ocean by fine dust-related particulate Fe-oxides 
converted into bio-available iron by photochemical reactions 
was put forward by Joos et al. (1991), Tortell et al. 
(1999), GNANADESIKAN et al. (2003), Jickells et al. 
(2005), Rijkenberg et al. (2005). 

We have good reason to think that after long periods of  
particularly intense ferrrallitic weathering on land (as at 
grenhouse times), when climate change begins and formerly 
humid areas gradually change for drier environments, rain 
forests give way at least partially to savannah type vegetation 
on the continents. As erosion is increased first by torrential 

Figure 6.  Areal distribution of bauxites and anoxic sediments in the 
Cretaceous of the Dinaride and Appenine sectors of the  Mediterra-
nean (base map and anoxic sediments from JENKYNS, 1980).

Figure 5. The oceanic carbon pump.

Figure 7. Coupling the terrestrial and the oceanic carbon pump.

Figure 8. The Cretaceous Scenario  with nutrients dissolved from the 
ferrallitic soil blanket and transported from the continent to the ocean 
as solutes by groundwater-flow and runoff and  - as particulate mate-
rial – by runoff and by wind.
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rains then by wind, the amount of river-born particulate iron  
and later on also of airborn ferrallitic dust may be increased  
and transported over the oceans, contributing to the increase in 
organic productivity of the surface waters. In this way, the 
performance of the marine carbon pump becomes greatly 
enhanced  i.e. ferrallitic weathering on land helps to contribute 
to the slow-down of the carbon cycle. This „natural iron-
fertilization” mechanism - as suggested  also by MINDSZENTY 
& BÁRDOSSY  in 2008 - would explain both the areal and 
temporal coincidence of bauxites and anoxic sediments at 
greenhouse times, i.e. also in the Cretaceous as proposed 
above.

5. BAUXITES,  THE HYDROLOGICAL 
CYCLE AND THE COMPOSITION  
OF THE ATMOSPHERE
Molecular ratios of CO2 and H2O in the above simple equa-
tions (see (1) and (2) suggest that when the end-product of 
ferrallitic weathering is bauxite (rich in gibbsite and goe-
thite), weathering means efficient transfer not only of CO2 but 
also of the greenhouse-„accelerator” H2O from the atmo-
sphere into the lithosphere. This is how it may contribute to 
the deceleration of not only the carbon cycle but also the wa-
ter-cycle. At the same time ferrallitic weathering also con-
sumes oxygen so in many ways it interferes with the compo-
sition of the atmosphere (cf with Tardy et al. (1989), 
Bergman et al. (2004), Berner (2005).  

Oxygen is used in the oxidation of primary silicate minerals, 
organic matter and eventually pyrite. According to the 
calculations of Combes & BÁrdossy (1995), the oxygen 
content of any weathered rock in the ferrallitic suite  is, on the 
average, 10 % higher than that of its fresh parent material. 
Table 1. shows the relative amount of atmospheric oxygen 
fixed in Cretaceous ferrallitic weathering products, as 
calculated by Combes & Bárdossy.    

As to the role of water-vapour in the atmosphere, there has 
been some debate among climatologists regarding its efficiency 
as a feedback mechanism amplifying/accelerating climate 
change  when global warming has already begun Sherwood 
& Meyer (2006). Though the magnitude is still difficult to 
estimate, nowadays there is a general agreement, as a result of 
model simulations and satellite observations, that it works as a 
strongly positive feedback indeed (Dessler & Sherwood, 
2009).

When focussing our attention on the relative proportions of 
water molecules participating in the afore-mentioned equations 
(1), (2), the amount of water fixed in the alteration products is 
apparent at first glance.

Interestingly enough, unlike the role of silicate weathering 
in regulating the carbon-cycle previosuly discussed by 
Berner et al. (1983), the possibility of hydrolithic i.e. 
ferrallitic weathering regulating the water-cycle (particularly 
when reaching the bauxite stage) has not been discussed by  
either of the available moisture budgets (eg. Tardy et al. 
(1989), Trenberth et al. (2006), Liu et al. (2010).

A very simple minimum estimate of water chemically 
bound in Cretaceous ferrallitic weathering products can be 
attempted when taking into account the extent of continental 
areas for a Cretaceous palaeogeography (suggested as 20 502 
x 103 km2  by TARDY et al. (1989) and calculating with only 
10 metres of weathered material accumulated between 0 to 10 
degrees latitudes N & S. This is an obvious underestimation 
since we know very well that in recent tropical areas ferrallitic 
weathering profiles may be several tens of metres thick, 
however they are mineralogically heterogeneous, so for the 
sake of simplicity it is easier to calculate here with a reduced 
thickness and with a homogeneous mineralogy as shown 
below). The average bulk density of  the weathering product is 
taken as 2.4 g/cm3 (based on Posgay (1967), Bárdossy & 
Aleva (19909 and Hill et al. (2006). The amount of water 
chemically bound in such a 10 m thick weathered mantle can 
be calculated on the basis of the water-content of a 50-50% 
mixture of the two most abundant alumina minerals (gibbsite 
and boehmite) while the water bound in goethite and kaolinite  
is ignored at this point. This is again an oversimplification 
which may, however, be compensated for by the reduced 
thickness introduced above. Based on the data of Hill et al. 
(2006),  and BROWN et al. (1953) for the water content of the 
alumina minerals (34.65 % for gibbsite and 15.02 % for  
boehmite), when calculating with  an average water content of 
24.84 weight percent, the resulting total amount of water 
chemically bound in ferrallitic weathering products of the 
Cretaceous world is 122.225x103 km3. It is almost equivalent 
to the amount of water estimated by Trenberth et al. 
(2007) in their Global Water Budget  recently stored as 122x103 
km3 „soil moisture” in the land reservoir and - regarding its 
order of magnitude - it is even comparable to the amount of 
water stored in lakes and rivers of the current land reservoir 
(178 x103 km3).

Therefore, even this rough estimate calls attention to the role 
of hydrolithic weathering in the global water cycle. Continental 
runoff is, as a rule calculated by looking for the difference 
between the amounts of rainfall and evapotranspiration (eg. 
Tardy et al. (1989), sometimes also taking into consideration  
changes of soil moisture and groundwater (Trenberth et al., 
2007). However it is generally ignored that the part of what is 

supposed intensity of weathering (m/Myr) 2 m/Myr 3 m/Myr 4 m/Myr 5 m/Myr
percent oxygen bound in bauxite 
(Oxbx/Oxatm x 0.1)
(from Albian to Cenomanian, in 23 Myrs)

4.40% 6.50% 8.70% 10.90%

percent oxygen bound in bauxite
(Oxbx/Oxatm x 0.1)
(from Turonian to Senonian, in 26 Myrs)

4.50% 6.70% 8.90% 11.20%

Table 1.

Combes & Bárdossy (1995)
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qualified as „runoff” is in fact transferred into the lithosphere 
and thus in the long run withdrawn from the water cycle. 

It is suggested that over geological time scales the latter 
helps to remove not only carbon but also substantial amounts 
of water from the  atmosphere. In other words: intense chemical 
weathering may substantially contribute to the slow down not 
only of the accelerated carbon-cycle but also the accelerated 
hydrological cycle. 

In addition, ferrallitic weathering may counteract even one 
of the inherent positive feedbacks of greenhouse-warming, 
namely the production of CO2 on oxidation of continental 
organic matter (peat). As pointed out above, Combes & 
Bárdossy (1995) suggested that the amount of oxygen 
bound in bauxites may be about 10 percent higher than in any 
of their fresh parent rocks. They calculated the quantity of 
oxygen bound in bauxites formed throughout Cenomanian and 
Turonian-Senonian times and compared the data to the quantity 
of atmospheric oxygen of each of those periods (as given by 
Budyko et al. (1987). They concluded that depending on the 
rate and the duration of the weathering process, about 4 to 11 
pecent of atmospheric oxygen may have become chemically 
bound to the alteration product, i.e. transferred from the 
atmospheric to the lithospheric reservoir. This is how ferrallitic 
weathering could have contributed to the decrease of the 
amount of free oxygen available for the oxidation of more 
terrestrial organic matter.

6. BAUXITES: POSITIVE OR NEGATIVE 
FEEDBACKS? - CONCLUSIONS
Even though their effect may be modest, it is suggested that in 
the long run, bauxites are undoubtedly one of the negative 
feedbacks: they release nutrients into the ocean (both via 
groundwater-flow and by air) and this way may help to inten-
sify the oceanic carbon pump (i.e. contribute to the drawdown 
of CO2 from the atmosphere). By chemically fixing part of the 
oxygen content of the atmosphere they may also help to de-
crease the rate of oxidation of terrestrial organic matter and 
thus slow down the rate of additional CO2-release. By trans-
ferring H2O into the lithospheric reservoir they may also help 
to decelerate the hydrological cycle. 

To improve our understanding of System Earth, its 
controlling mechanisms and its feedbacks it is inevitable to 
look into the past and search for the documents of even minor 
feedbacks in the stratigraphic record. As the oceanic carbon-
pump was recognized by looking into the details of anoxic 
sedimentation and its effects on the carbon-budget of the 
system (Premoli-Silva et al. (1999), Erba (2004) and 
others), it is very likely that additional, more detailed and 
quantitative study of bauxites may contribute to an improved 
understanding of the operation of the land-based H2O (and 
carbon) pump as well. It is suggested that bauxites (palaeo-
ferrallitic soils) were not only passive products of Phanerozoic 
greenhouse-episodes but they were parts of the feed-back 
loops helping the system to return to equilibrium after  each 
large-scale greenhouse episode. This complies very well with 
the ideas of  Berner et al. (1983), Foellmi et al. (1992), 
YUAN Gao et al. (2003) and Ridgewell et al. (2002) 
regarding the role of chemical weathering in controlling the 
carbon-budget of System Earth. Indeed, the comparative study 

of bauxites, coeval anoxic sediments and modelled palaeo-
wind trajectories (as in Linen & Heath (1981), would 
certainly disclose hitherto unknown details of this complex 
interaction. 

Closing remark: After having submitted this manuscript I re-
ceived a copy of the paper of LECHLER et al. (2015) in 
which the authors present convincing isotope-geochemical 
evidence for  the importance of silicate weathering in seques-
tering atmospheric CO2 during one of the Cretaceous Oceanic 
Anoxic Events (OAE 1a, Selli), so at least part of the theory 
seems to work also in practice.

Acknowledgement
The efforts of Editor Alisa MARTEK, L. PALINKAŠ and 
another - anonymous - reviewer to improve the paper are 
greatly appreciated. Thanks are due to  the community of the 
former IGCP-287, particularly B. D’ARGENIO and the late 
Prof. BÁRDOSSY for thought provoking discussions on the 
subject and to O. PIROS for grooming the figures. 

REFERENCES
ALLEN, J.R.L., HOSKINS, B.J., VALDES, P.J., SELLWOOD, B.W. & SPI

CER, R. (1994): Paleoclimates and their Modelling with special reference 
to the Mesozoic era.− Springer, 140 p. 

AMIOTTE SUCHET, P. & PROBST, J.L. (1995): A global model for present-
day atmospheric/soil CO2 consumption by chemical erosion of continen-
tal rocks (GEM_CO2).− Tellus, 7B, 273−280. 

GNANADESIKAN, A., SARMIENTO, J.L. & SLATER, R.D. (2003): Effects 
of patchy ocean fertilization on atmospheric carbon dioxide and biologi-
cal production.− Global Biogeochemical Cycles, 17/2, 1050.  doi: 
10.1029/2002GB001940

ARTHUR, M.A., SCHLANGER, S.O. & JENKYNS, H.C. (1987): The Ceno-
manian-Turonian Oceanic Anoxic Event,II. Palaeogegraphic controls on 
organic matter production and preservation.− Geol. Soc. London, Spec. 
Publ., 26, 401−420. 

BÁRDOSSY, GY. (1973): Bauxite Formation  and Plate Tectonics.− Acta 
Geol. Acad. Sci. Hung., 17/(1−3), 141−154. 

BÁRDOSSY, GY. & DERCOURT, J. (1990): Les gisements des bauxites Te-
thysiennes (Mediterranée, Proche et Moyen Orient): cadre paléo-
geographique et controls genetiques. Bull. Soc. Geol. France, 8, 4/6, 
869−888.

BÁRDOSSY, GY. (1982). Karst Bauxites. Bauxite Deposits on Carbonate 
rocks.− Developments in Economic Geology, 14. Elsevier, Amsterdam, 
441 p.

BÁRDOSSY, GY., BONI, M., DALL’AGLIO, M., D’ARGENIO, B. & PAN-
TÓ, GY. (1977): Bauxites of Peninsular Italy. Composition, Origin and 
Geotectonic Significance. Monogr, Ser. on Miner. Deposits, Gebr. Born-
traeger, Berlin, 15, 61 p.

BÁRDOSSY, GY. & ALEVA, G.J.J. (1990): Lateritic Bauxite. Developments 
in Economic Geology, 27, Elsevier, Amsterdam 624 p.

BERGMAN, N.M., LENTON, T.M. & WATSON, A.J. (2004): COPSE: A new 
Model of Biogeochemical Cycling over Phanerozoic Time.− Amer. Journ. 
Sci., 304, 397−437. doi: 10.2475/ajs.304.5.397

BERNER, R.A. (1991): A  model for atmospheric CO2 over Phanerozoic 
time.− Amer. Journ. Sci., 291, 339−376.

BERNER, R.A. (2006): GEOCARBSULF: a combined model for Phanero-
zoic atmospheric O2 and CO2.− Geochim. Cosmochim. Acta, 70, 
5653−5664. doi: 10.1016/j.gca.2005.11.032

BERNER, R.A. (2005): The carbon and sulfur cycles and atmospheric oxygen 
from Middle Permian to Middle Triassic.− Geochim. Cosmochim. Acta, 
69, 3211−3217. doi: 10.1016/j.gca.2005.03.021

BERNER, R.A., LASAGA, A.C. & GARRELS, R.M. (1983): The carbonate-
silicate geochemical cycle and its effects on atmospheric carbon dioxide 
over the past 100 million years.− Amer. Journ. Sci., 283, 641−683. doi: 
10.2475/ajs.283.7.641

BROWN, J.F., CLARK, D. & ELLIOTT, W.W. (1953): The thermal decompo-
sition of the alumina trihydrate, gibbsite.− J. Chem. Soc., 1953, 84−88. 
doi: 10.1039/jr9530000084

BUDYKO, M.J., RONOV, A.B. & YANSHIN, A.L.(1987): History of the Er-
ath’s Atmosphere. Springer, Berlin, 138 p.



86

Vol. 69/1

CARROLL, D.L. (1958): Role of clay minerals in the transportation of 
iron.− Geochim. et Cosmochim. Acta, 14, 1−27.

COALE, K., JOHNSON, K. & 17 OTHERS (1996): A massive phytoplankton 
bloom induced by an ecosystem-scale iron fertilization experiment in the 
equatorial Pacific.− Nature, 383, (10 October 1996), 495−501. doi: 
10.1038/383495a0 

COMBES, J.P. & BARDOSSY, GY. (1994):. Typologie et controle geody-
namique des bauxites tethysiennes.− Comptes Rend. Acad. Sci. Paris, t. 
318, ser., II., 359−366..

COMBES J.P. & BÁRDOSSY, GY. (1995): Controlling influence of bauxites 
and laterites on the Earths atmosphere.− Comptes.Rendus de l’Academie 
des Sciences, Ser.II., 320/2, 109−116.

D’ARGENIO, B. (1970): Central and Southern Italy Cretaceous Bauxites, 
Stratigraphy and Paleogeography.− Ann. Inst. Geol. Publ. Hung., 56/3, 
221−233.

D’ARGENIO, B. & MINDSZENTY, A. (1991): Karst bauxites at regional 
unconformities and geotectonic correlation in the Cretaceous of the Medi
terranean.−  Boll. Soc Geol. Ital., 110, 85−92. 

D’ARGENIO, B.  & MINDSZENTY, A. (1992): Tectonic and climatic control 
on paleokarst and bauxites.− Giorn. Geol., 54/1, 207−218.

D’ARGENIO, B. & MINDSZENTY, A. (1995): Bauxites and related paleo-
karst: Tectonic and climatic event markers at regional unconformities.− 
Eclogae Geol. Helv., 88, 453−499. 

DESSLER, A.E. & SHERWOOD, C.S. (2009): A Matter of Humidity.− Sci-
ence, 323, 1020−1021.

ERBA, E. (2004): Calcareous nannofossils and Mesozoic oceanic anoxic 
events.− Marine Micropaleontology, 52/1−4, 85−106, doi: 10.1016/j.mar-
micro.2004.04.007

ERHART, H. (1955): „Biostasie” et „Rhexistasie”. Esquisse d’un theorie sur 
le role de la pedogenese entant que phenomene geologique.− C. R. Acad. 
Sci., Paris, t. 241, 1218−1220.

ERHART, H. (1966): Bio-Rhexistasie, biostasie evolutives, heterostasie. Im-
portance de ces notions en geologie miniere exogene.− C.R. Acad. Sci. 
Paris, t. 263, 1049−1051. 

ERHART, H. (1967): La genese des soils entant que phenomene geologique.− 
Masson, Paris, p. 88. 

FÖLLMI, K.B., WEISSER, T.H. & LINI, A. (1993): Nonlinearities in phopho-
genesis and phosphate-carbon coupling and their implications for global 
climate change.− In: WOLLAST, R., MACKENZIE, F.T. & CHOU, L. 
(eds.): Interactions of C, N, P and S Biogeochemical Cycles and Global 
Change. NATO ASI series I. Global Environmental Change, vol. 4,  
447−474.

FRAKES, L.A. (1979): Climates Throughout Geologic Time.− Elsevier, 310 p.
FRAKES, L.A., FRANCIES, J.E., SYKTUS, J.I. (1992): Climate Modes of 

the Phanerozoic.− Cambridge Univ. Press, 286 p. doi: 10.1017/
CBO9780511628948

FRITZ, B. & TARDY, Y. (1973): Etude thermodynamique du systeme gibbsite, 
quartz, kaolinite gaz carbonique: application a la genese des podzols et 
des bauxites.− Sci. Geol. Bull., 26/4, 339−367.

YUAN GAO, SONG-MIAO FAN & SARMIENTO, J.L. (2003): Aeolian in-
put to the ocean through precipitation scavenging: A modeling perspec-
tive and its implication for natural iron fertilization in the ocean.− Journ. 
Geoph. Res., 108 No D7, 4221. doi: 10.1029/2002JD002420

GNANADESIKAN, A., SARMIENTO, J.L., SLATER, R.D. 82003):Effects 
of patchy ocean-fertilization on atmospheric carbon dioxide and biologi-
cal production.− Global Biogeochemical Cycles, 17, 1050. doi: 
10.1029/2002GB001940

HERWITZ, S.R. & MUHS, D.R. (1995): Bermuda solution pipe soils. A geo-
chemical evaluation of eolian parent materials.− Spec. Pap. Geol. Soc. 
Amer., 300, 311−323. doi: 10.1130/0-8137-2300-0.311

HERWITZ, S.R., MUHS, D.R., PROSPERO, J.M., MAHAN, S. & VAUGHN, 
B. (1996): Origin of Bermuda’s clay-rich Quaternary paleosols and their 
paleoclimatic significance.− J. Geoph. Res., 101,  NoD18,  23389−23400.

HILL, V.G. & SEHNKE, E.D. (2006): Bauxite.− In: KOGEL, J.E., TRIVEDI, 
N.C., BARKER, J.M. & KRUKOWSKI, S.T. (eds.): Industrial Minerals 
and Rocks (7th edition) Commodities and Markets, USGS. Soc. Mining, 
Metallurgy and Expl., Inc. (DME), 1507 p.

JENKYNS, HC. (1980): Cretaceous anoxic events: from continents to 
oceans.− Journ. Geol. Soc., 137, 171−188. doi: 10.1144/gsjgs.137.2.0171

JENKYNS, H.C. (2003): Evidence for Rapid Climate Change  in the Meso-
zoic Paleogene Greenhouse World. Phil. Transact. Math. Phys. and Engi-
neering Sci., 361, No.1810, Abrupt Climate Change. Evidence, Mecha-
nism and Implications, 1885−1916.

JICKELLS, T.D., AN, Z.S., ANDERSEN, K.K., BAKER, A.R., BER-
GAMETTI, G., BROOKS, N., CAO, J.J., BOYD, P.W., DUCE, R.A., 
HUNTER K.A., KAWAHATA, H., KUBILAY, N., La ROCHE, J., LISS, 
P.S., MAHOWALD, N.,PPROSPERO, J.M., RIDGWELL, A.J., TEGEN, 
I. & TORRES, R. (2005): Global Iron Connections Between Desert Dust, 
Ocean Biogeochemistry and Climate.− Science, 306, 67−71. doi: 10.1126/
science.1105959

JOOS, F., SARMIENTO, J.L. & SIEGENTHALER, U. (1991): Estimates of 
the effect of Southern Ocean iron fertilization on atmospheric CO2 con-
centrations.− Nature, 349,772−775. doi: 10.1038/349772a0

KURODA, J., OGAWA, N.O., FANIMIZU, M., COFFIN, M.F., TOKUYAMA, 
H., KITAZALO, H. & OHKOUCHI, N. (2007): Contemporaneous mas-
sive subaerial volcanism and late Cretaceous Oceanic Anoxic Event 2.− 
Earth and Planetary Science Letters, 256, 211−223. doi: 10.1016/j.
epsl.2007.01.027

LARSON, R.L. (1991): Geological consequenes of superplumes.− Geology, 
19, 963−966.

LARSON, R.L. & ERBA, E. (1999): Onset of the mid-Cretaceous greenhouse 
in the Barremian-Aptian: igneous events and the biological, sedimentary 
and geochemical responses.− Paleoceanograhy 14, 663−678. doi: 
10.1029/1999PA900040

LASAGA, A.C., SOLER, J.M., GANOR, J., BURCH, T.E. & NAGY, K.L. 
(1994): Chemical weathering rate laws and global geochemical cycles. 
Geochim. Cosmochim. Acta, 58 , 2361−2386. doi: 10.1016/0016-
7037(94)90016-7

LECHLER, M., PHILIP, A.E., von STRANDMANN, P., JENKYNS, H., 
PROSSER, G. & PARENTE, M. (2015): Lithium-isotope evidence for 
enhanced silicate weathering during OAE 1a (Early Aptian Selli event).− 
Earth and Planetary Science Letters, 432, 210−222. doi: 10.1016/j.
epsl.2015.09.052

LINEN, M. & HEATH, G.R. (1981): Sedimentary indicators of  atmospheric 
activity in the Northern Hemisphere during the Cenozoic.− Palaeogeogra-
phy, palaeoclimatology, Palaeoecology, 36, 1−21. 

LIU, Z., DREYBRODT, W. & WANG, H. (2010): A new direction in effective 
accounting for the atmospheric CO2 budget: Considering the combined 
action of carbonate dissolution, the gobal water cycle and photosynthetic 
uptake of DIC by aquatic organisms.− Earth Sci. Rev., 99, 162−172. doi: 
10.1016/j.earscirev.2010.03.001

MARIĆ, L. (1966): Untersuchungen zur Genesis der Karstbauxite in den Di-
nariden Jugoslaviens.− Mitt. Inst. Lager. Rohstoff. Techn. Univ. Berlin, 2, 
1−49.

MARTIN, J.H. & GORDON, R.M. (1988): Northern Pacific iron distribution 
in relation to phytoplakton productivity.− Deep Sea Research, 35, 
177−196.

MARTIN, J.H.& FITZWATER, S.E. (1988): Iron deficiency limits Phyto-
plankton growth in the North-east Pacific subarctic.− Nature, 331, 
341−343. doi: 10.1038/331341a0

MÁRTON, E. & MÁRTON, P. (1985): Tectonic and paleoclimatic aspects of 
paleomagnetism studies in the Transdanubian Central Mountains.− Acta 
Geol. Hung., 28/1−2, 59−70.

MINDSZENTY, A. & BÁRDOSSY, GY. (2008): Bauxites as Potential Feed-
back mechanisms of System Earth: An Unconventional View of the Rela-
tionship between Bauxites and Global Change.− Proc. Xth Congress IC-
SOBA, 28-30 November 2008, Bhubaneswar, India, 15−23. 

MINDSZENTY, A., D’ARGENIO, B. & AIELLO, G. (1996): Lithospheric  
bulges at regional unconformities. The case of Mesozoic-Tertiary Apu-
lia.− Tectonophysics, 252, 137−161. doi: 10.1016/0040-1951(95)00091-7

MINDSZENTY, A. & D’ARGENIO, B. (1994): Carbonate platform emer-
gence and bauxite formation.− AAPG Annual Convention 
06.12.−06.15.1994., Denver, US, p. 217.

MUHS, D.R., BUDAHN, J.R., PROSPERO, J.M., SKIPP, G. & HERWITZ, 
S.R. (2012): Soil genesis on the island of Bermuda in the Quaternary. The 
importance of African dust transport and deposition.− J. Geoph. Res., 
Earth Surface, 117, F3. doi: 10.1029/2012JF002366

PARRISH, J.T.,ZIEGLER, A.M. &  SCOTESE, C.R. (1982): Rainfall patterns 
and the distribution of coals and evaporites in the Mesozoic and Cenozo-
ic.− Palaeogeogr. Palaeoclim. Palaeoecol., 40, 67−101. doi: 10.1016/0031-
0182(82)90085-2

PARRISH, J.T. (1998): Interpreting pre-Quaternary climate from the geologi-
cal record. (Perspectives in paleobiology and earth history series).− Co-
lumbia University Press, 338 p.

PATEL-SORRENTINO, N., LUCAS,Y., EYROLLE, F. & MELFI, A.J. 
(2007): Fe, Al and Si species and organic matter leached off a ferrallitic 
and podzolic soil system from Central Amazonia.− Geoderma, 137, 
444−454. doi: 10.1016/j.geoderma.2006.10.002

PIKETH, S.J., TYSON, P.D. & STEFFEN, W. (2000): Aeolian transport from 
southern Africa and iron fertilization of marine biota in the south Indian 
ocean.− South Afr. Journ. Sci., 96/5, 244−246.

POSGAY, K. (1967): A bauxit térfogatsúlya (The bulk density of bauxite).− 
Bull. Geol. Soc. Hung., 97/4, 414−422.

POULTON, S.W. & RAISWELL, R. (2002): The low-temperature geochemi-
cal cycle of iron: From continental fluxes to marine sediment deposition.− 
Amer. Journ. Sci., 302/9, 774−805. doi: 10.2475/ajs.302.9.774

PREMOLI-SILVA, I., ERBA,.E., SALVINI, G.,VERGA, D. & LOCATELLI, 
C. (1999): Biotic changes in Cretaeous anoxic events.− Journ. Foraminif-
eral Res., 29, 352−370.



87

Mindszenty Andrea: Bauxites: Feedbacks of System Earth at Greenhouse times

PRICE, G.D. & VALDES, P.J., & SELLWOOD, B.W. (1997a): Quantitative 
palaeoclimate GCM validation: Late Jurassic and mid Cretaceous case 
studies.− Journ. Geol. Soc., 154, 767−772. doi: 10.1144/gsjgs.154.5.0769

PRICE, G.D.,VALDES, P.J. & SELLWOOD, B.W. (1997b): Prediction of 
modern bauxite occurrence: implications for climate reconstruction.− Pa-
laeogeograhy, Palaeoclimatology, Palaeoecology, 131, 1−13. doi: 
10.1016/S0031-0182(96)00145-9

RETALLACK, G.J. (2010): Lateritization and Bauxitization Events.− Econ.
Geol., 105, 655−667. doi: 10.2113/gsecongeo.105.3.655

RIDGWELL, A.J. (2002): Dust in the Earth system: the biogeochemical link-
ing of land, air and sea Philosophical Transactions: Mathematical, Physi-
cal and Engineering Sciences 360/1801, December 2002, 2950−2924. 
doi: 10.1098/rsta.2002.1096

RIJKENBERG, M.J.A., FISCHER, A.C., KROON, J.J., GERRINGA, G.J.A., 
TIMMERMANS, K.R.,WOLTERBEEK, H.T. & DE BAAR, H.J.W. 
(2005): The influence of UV irradiation on the photoreduction of iron in 
the Southern Ocean.− Mar. Chem., 93, 119−129. doi: 10.1016/j.
marchem.2004.03.021

SCHLANGER, S.O. & JENKYNS, H.C. (1976): Cretaceous Oceanic Anoxic 
Events, causes and consequences.− Geol. Mijnb., 55, 179−184.

SCHLANGER, S.O., ARTHUR, M.A., JENKYNS, H.C. & SCHOLLE, P.A. 
(1987): The Cenomanian-Turonian Oceanic Anoxic Event, IU. Stratogra-
phy and distribution of organic carbon-rich beds and the marine δ13C 
excursion.− Goel. Soc. London, Spec. Publ. No 26, 371−399.

SCLATER, J.G., HELLINGER, S. & TAPSCOTT, H. (1977): T/he paleo-
bathymetry of the Atlantic ocean from the Jurassic to the present.− J. 
Geol., 85, 509−552. doi: 10.1086/628336

SCOTESE, C.R. (2001): Atlas of Earth History, Vol.1. Paleogeography.− PA-
LEOMAP Project, Arlington, Texas, 52 p.

SCOTESE, C.R. (2002): http://www.scotese.com (PALEOMAP website)
SELLWOOD, B.W. & PRICE, G.D. (1993): Sedimentary facies as indicators 

of Mesozoic paleoclimate.− Phil. Trans. R. Soc. London,  B 341, 225−233.
SHERWOOD, S.C. & MEYER, C.L. (2006): The General Circulation and 

Robust Relative Humidity.− Journ. Climate, 19, 6278−6290. doi: 10.1175/
JCLI3979.1

SINGER, A. (1980): The paleoclimatic interpretation of clay minerals in soils 
and weathering profiles.− Earth Sci. Rev., 15, 303−327. doi: 10.1016/0012-
8252(80)90113-0

SINGER, A. (1984): The Paleoclimatic interpretation of Clay Minerals in 
Sediments – A Review. Earth Sci. Rev.,  21, 251−293. doi: 10.1016/0012-
8252(84)90055-2

TARDY,Y., N’KOUNKOU, R. & PROBST, J-L. (1989): The Global Water 
Cycle and Continental Erosion during Phanerozoic Time (570 my). Amer. 
Journ. Sci., 289, 455−483. doi: 10.2475/ajs.289.4.455

TORTELL, P.D., MALDONADO, M.T., GRANGER, J. & PRICE, N.M. 
(1999): Marine bacteria and biogeochemical cycling of iron in the 
oceans.− FEMS Microbiology Ecology, 29/1, 1−11. doi: 
10.1111/j.1574-6941.1999.tb00593.x

THIRY, M. (2000): Palaeoclimatic interpretation of clay minerals in marine 
deposits: an outlook from the continental origin.− Earth Sci. Rev., 49, 
201−221. doi: 10.1016/S0012-8252(99)00054-9

TRENBERTH, K.E., SMITH, L., QIAN, T., DAI, A. &  FASULLO,  J. (2007): 
Estimates of the Global Water Budget and Its Annual Cycle Using obser-
vational and Model Data.− Journ. Hydrometeorology – Spec.Section 
(Amer.Meteor.Soc.), 8, 758−769. doi: 10.1175/JHM600.1

VELBEL, M.A. (1993): Temperature dependence of silicate weathering in na-
ture: How strong a negative feedback on long-term accumulation of atmo-
spheric CO2 and global warming?− Geology, 21, 1059−1062. doi: 
10.1130/0091-7613(1993)021%3C1059:TDOSWI%3E2.3.CO;2

WEISSERT, H. & McKENZIE, J. (1979): Cyclic anoxic events in the Early 
Cretaceous Tethys Ocean.− Geology, 7, 147−151. doi: 
10.1130/0091-7613(1979)7%3C147:CAEITE%3E2.0.CO;2

VOLK, T. & HOEFFERT, M.I. (1985): Ocean carbon pumps: Analysis of 
Relative Strengths and Efficiencies in Ocean-Driven Atmoapheric CO2-
Changes.− In: SUNDQUIST, E.T. & BROECKER, W.S. (eds.): The Car-
bon Cycle and  Atmospheric CO2: natural variations Archean to Present. 
Geoph. Monograph Series,  vol. 32, 99−100. doi: 10.1029/GM032p0099

ZIEGLER, P.A. (1988): Evolution of the Arctic North Atlantic and the West-
ern Tethys. − AAPG Mem., 43, p. 198.




