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Archean life forms

Sankar Chatterjee, in Reference Module in Earth Systems and Environmental Sciences, 2019During the beginning of the Archean Eon, about 4 billion years ago, when the frequency of meteorite effects slowed down, the Earth cooled, clouds formed and the crust from the molten world began to harden. The Earth was still a one-plate planet before the onset of
plate tectonics. Meteorites, especially carbon-like chondrites, saturated with water molecules, supplied water, and carbon compounds during impacts. The cosmic liquid water began to accumulate on the surface of the early Earth to form a global ocean. Liquid water was predominantly already 4 billion years ago, as evidenced by the study of zircon crystals of
that age. Zircons are like small time capsules that retain the chemical fingerprints of a watery environment. Earth was no longer an extraterrestrial inhospitable world, but turned into a life-sustaining environment. Water is the ideal solvent for life synthesis - dissolving many molecules, and transporting them to reaction sites, while maintaining their integrity. Ice
is quite common in the universe, but liquid water is rare. Numerous island continents began to emerge amid the vast global ocean. There are currently two competing hypotheses for the original sites - the melting pot - for the rise of life: undersea hydrothermal vents and terrestrial hydrothermal crater lakes. Undersea hydrothermal vents form in volcanically
active areas, often on mid-ocean ridges. The undersea venting hypotheses have considerable appeal, but are not universally accepted, in part because many aspects of the proposed scenarios remain casual from geological evidence of the earth's early environment and chemical constituents of living cells. This theory suffers from the dilution problem of the
precise organic compounds. The cosmic ingredients would be dispersed and diluted, rather than necessarily concentrated, in the vastness of the global Eoarchean ocean, preventing them from assembling in the complex molecules of life. A crucial condition for the origin of life is that relatively simple biomolecules should have the ability to develop into more
complex molecules due to the segregation and concentration of chemical compounds. In the open ocean, cosmic and terrestrial chemicals could never have been mixed, concentrated, selected or organized into more complex molecules. In addition, undersea hydrothermal vent environments lack wet and dry cycles, which are known to promote
polymerization of nucleic acids and proteins. Recent work suggests that the chemistry of modern cells still reflects the original environment in which life first developed. The nature of terrestrial hydrothermal vents resembles the composition of the cell of its cytoplasm closer than the open ocean environment. Protocells must therefore have developed in
habitats with a high K+/Na+ ratio and relatively high concentrations of Zn, Mn and phosphorus compounds, such as in terrestrial environments. Environments. reconstructions show that the ionic composition conducive to the origin of the cells could not have existed in marine environments, but rather compatible with emissions from vapor-dominated zones of
domestic geothermal systems such as hydrothermal ponds and crater lakes. There has been increasing evidence against the theory of submarine hydrothermal vent origin in recent years, suggesting that lipid membranes and nucleotides may not have formed in that environment during prebiotic synthesis. Ampphilic compounds, such as fatty acids, easily
form membranous vikjes when spread in terrestrial aqueous phases. Recent experiments suggest that thesekels, precursors of protocells, are stable in hydrothermal hot spring water, but are unable to assemble in seawater. In terrestrial environments, these vikjes can encapsulate nucleic acids such as RNA and DNA. These experiments clearly suggest that
biogenesis began in terrestrial hydrothermal vent environments, not in the undersea hydrothermal vent setting. Similarly, nucleobases supplied to early Earth by meteorites and interstellar dust particles could only be polymerized in RNA in terrestrial environments such as warm small ponds or crater lakes because of wet and dry cycles, a process that could
not take place in a deep ocean. There are also major tectonic problems with the submarine vent hypothesis. The hypothesis of undersea hydrothermal vents as a probable incubator is difficult to explain in a one-plate Eoarchic earth. How did the submarine hydrothermal vents arise without plate tectonics? Today, they occur along or near the axis of the
spreading ridge. But because plate tectonics began no earlier than 3 billion years ago, there was no dispersal back in the Eoarchian oceans for hydrothermal vent formation; We need to find alternative hydrothermal systems on land. Hydrothermal crater lakes are the most compelling environment for the cradle of early Earth life during the Late Heavy
Bombardment period. Impact events on the Eoarchean crust produced thousands of craters on protocontinents that resemble the surfaces of the moon and Mercury. But, unlike our planetary neighbors, the crater basins on the early continents were filled with water and cosmic building blocks, and there developed a complex system of underground
hydrothermal systems that were crucial to the origin of life. The hydrothermal crater vents provide both chemicals and energy sources, making them feasible as a niche for the emergence of life. Effects on a water-rich planet like Earth or even Mars can generate hydrothermal activity due to a high-energy, high temperature event, creating underwater areas
cooking with heat and spewing chemicals. hydrothermal crater lakes are geochemically reactive habitats, where hyperthermphiles (superwarming microbes) today thrive around overheated water. Hyperthermophiles are the most primitive living organisms, supporting the notion that life began in extremely hot Hydrothermal impact crater lakes appear to be the
most plausible environment for early Earth life, and, by analogy, on Mars. That's why NASA's Curiosity Rover is currently exploring mars' 3.8 billion-year-old Gale crater for evidence of early life. A hydrothermal crater lake provides several habitats, such as the very broken central uplift with spewing chemicals, impact ejecta deposits, an annular basin, a crater
rim for sequestering the chemical reaction, postimpact water sediments in the lake floor, and a temperature gradient of the water column, where a large number of chemical processes can occur simultaneously. The cold freshwater of the crater lake is heated by molten rocks from the central peak that can reach high temperatures, driving the convection of
lake water like a giant cooking pot. The cosmic building blocks, supplied by impacts, began to accumulate in the crater lakes, where hydrothermal energy drove the synthesis of increasingly complex organic compounds. The prolonged convective circulation of heated water, as well as the temperature gradient, caused the mixing and concentration of
biomolecules and increased their chemical activities. Throughout the living world, energy circulates almost entirely in the form of one chemical entity, known as ATP (adenosine triphosfat). Volcanic vents in the crater basin produced a continuous flow of various chemicals and energy such as ATP, facilitating the chemical and catalytic reactions of cosmic
ingredients. Several key components of cells, such as lipid membranes, amino acids, sugar, phosphate molecules and nucleotides began to accumulate in the crater lakes. Lipid cell membranes were first formed from cosmic ingredients by self-assembly, floating on the water surface of the lake like a thick oil slick (Fig. 2).Fig. 2. Cradles of life. During the
Early Archean period (~4 Ga), freshwater crater basins with hydrothermal vent systems on their central peaks offered a protective haven for the origin of life. The boiling water was rich in organic molecules brought by meteorites. On the surface of the water, primitive lipid membranes and hydrocarbons floated like oil stains. The minerals on the floors of the
basin acted as catalytic surfaces for the concentration and polymerization of monomers. The bubbling biotic soup was thoroughly mixed by convection flows. These same currents also circulated a number of the lipid membranes up to the pelvic floor where they were attached to the porous mineral layers, encapsulated biopolymers such as RNA and amino
acids. Heat, gases and chemical energy, including ATP molecules released from the hydrothermal vents, brewed and condensed the prebiotic soup, which began to gather on the mineral substrate at bottom of the pelvis. MIRIAM E. KATZ, ... PAUL G. FALKOWSKI, in Evolution of Primary Producers in the Sea, 2007The evolutionary sequence of marine
photoautotrophs began in the Archean Eon with the origins of maybe already 3.8 Go (see Knoll et al., chapter 8, this volume). Eukaryotes first appeared in the fossil record ~ 1800 million years ago (Ma) (Han and Runnegar 1992; Knoll 1994; Javaux et al. 2001), but molecular biomarkers show that both prokaryotic cyanobacteria and eukaryotic algae evolved
by 2700 Ma (Brocks et al. 1999; Summons et al. 1999), if not before (Knoll 2003; Knoll et al., Chapter 8, this volume). A schism occurred early in the evolution of eukaryotic photo autotrophs and gave rise to the two large plastid superfamilies, the green (chlorophyll b-containing) and red (chlorophyll c-containing) plastid groups (Figure 1). By 1200 Ma, the red
algae appear to be one of the first group of organisms to be distinguished into multicellular forms. Cyanobacteria dominated primary production during most of paleoproterozoism; eukaryotic green algae became increasingly important towards the end of the Proterozoic (543 Ma) (Tappan 1980; Knoll 1989, 1992; Lipps 1993; Knoll et al., Chapter 8, this volume).
FIGURE 1. Comparison of eukaryotic phytoplankton diversity curves with zooplankton diversity curves (this study), sea-level change (Mesozoic-Cenozoic: Miller et al. 2005, dark line, scale at the top; Haq et al. 1987, light line, scale at the bottom; Paleozoic: Vail et al. 1977, light line, scale at the bottom), flooded continental areas (Ronov 1994) (after Katz et
al. 2004). Phytoplankton and zooplankton species (dark line, top scale) and genus (light line, scale at the bottom) are from published studies or have been compiled for this study from public databases: calcareous nannofossils (species—Bown et al. 2004; genus—Spencer-Cervato et al. 1999), dinoflagellates (Stover et al. 1996), diatoms (Spencer-Cervato
1999), acarchrits (Proterozoic: Knoll 1994; Phanerozoin: R.A. MacRae, unpublished data), planktonic foraminifera (Spencer-Cervato 1999), and radiolaria (Spencer-Cervato 1999). All records are adapted to the timescales of Berggren et al. (1995), Gradstein (Gradstein et al. 1995) (Mesozoic) and GSA ( (Paleozoic) timescales. Taxon-specific biomarkers
(Moldowan and Jacobson 2000) and C28:C29 sterane ratios (Grantham and Wakefield 1988) offer a record of increased biomass preservation of eukaryotic phytoton in Mesozoic-Catazoo. Episodes of supercontinent rifting are shadow. The now extinct eukaryotic acritical acriths were single-celled, non-colonial, organically walled microfossils of unknown
polyphyletic affinity that encompass the phycomata and vegetative cells of the green Prasinophyceae algae (Stover et al. 1996). They appeared in the fossil record of ~1700−1900 Ma (Zhang 1986; subpoena et al. 1992) and were clearly an important part of the fossil record in the middle late Proterozoic. Acritarchs diversified in early ~800−900Ma (Knoll
1994; Knoll et al. 2006) during the early stages of tearing the supercontinent Rodinia, perhaps in response to the expansion of ecological niches along growing continental margins (see Figure 1). Acritarchs underwent a second expansion in consultation with the early Paleozoic radiation of marine invertebrates (Knoll 1994); their diversity peaked in the middle
of Paleozoic and dropped rapidly in the late Devonian to early Mississippian.G.M. Young, in Reference Module in Earth Systems and Environmental Sciences, 2017The first Eon represented in the rock record spanned the time from 4.0 to 2.5 Ga. The Archean Eon has four major divisions. From earliest to most recent: the Eoarchean (4.0–3.6 Ga), the
Paleoarchean (3.6–3.2 Ga), Mesoarchean (3.2–2.8 Ga) and neoarchean (2.8–2.5 Ga). The Archean world was very different from today's. For example, the atmosphere lacked free oxygen, but was probably rich in volcanic gases, including carbon dioxide, and the earth's interior would have been much hotter. This interpretation is supported by the abundance
of volcanic rocks, including unusual high temperature lavas, such as komatiites, preserved in greenstone belts (so-called because of the abundance of the green mineral, chlorite, in metamorphosis volcanic rocks). Supracrustal rocks in these belts provide a lot of information about the conditions in surface environments, but geochemical studies of changes in
the composition of the more volumetrically important tonalite-trondhjermite-granodiorite (TTG) association of plutonical rocks have led to important conclusions about cooling the earth's interior and the development of less steep thermal slopes during the Archean Eon. On the other hand, analogy with the life history of older stars suggests that the early sun
was about 30% less thermally radiant than it is today. The potential climate effect of the 'cool young sun' could have been deposed by the abundance of greenhouse gases in the primitive atmosphere, so that liquid water could have existed at an early stage of its development on the planet's surface. Abundant siliciclastic and chemical sedimentary rocks and
pillow lavas testify to the widespread existence of water on the Archean Earth.Most Archean siliciclastic rocks were quickly deposited and are often associated with volcanic rocks in greenstone belts. However, there are some examples of mature rocks such as quartz arenites, particularly in South Africa and Western Australia, suggesting that these areas
underwent early development of thick, vibrant continental lithosphere and were subjected to intense weathering under a CO2-rich atmosphere. There are also chemical sedimentary rocks such as iron formations, which are considered by some to indicate the presence of photosynthetic microorganisms and oxygen in the iron-rich ocean, under a reducing
atmosphere. Evidence of primitive life exists early in the Archean, at about 3.7 Go, so that it on Earth evolved shortly after the oldest known rocks or was introduced (during impact events?) from elsewhere. The boundary between the Archean and Eons is taken at 2.5 Ga, at a time close to some of the most important events in Earth's evolution, including the
widespread development of 'modern style' plate tectonics and release of some free oxygen (about 1% of current atmospheric levels) into the atmosphere. Akio Makishima, in Origins of the Earth, Moon, and Life, 2017In the first part of Chapter 8, the origin and composition of the Earth's original atmosphere in the Hadean and Archean eons is explored and
discussed. (Hadean is the time interval between the formation of the Earth and the beginning of the Archean eon.) Currently, most of the water is considered to come from the late heavy bombardment (LHB) in the Archean eon. However, this is only theoretically assumed and there is no factual evidence for the Hadean atmosphere. Next, the oldest geological
report of life is related and discussed. Searching for the oldest geological record on Earth is important because the clues to the earliest life could be found there. The choice of geological sample and location is very important. The most famous Archean areas are the Pilbara area in Western Australia and the Isua Supracrustal Belt (ISB) in Western Greenland.
This chapter shows discoveries of microfossils and morphological evidence from these areas. However, the determination that such microfossils are in fact the remains of living beings reminds us of the case of the great mistake about the life of Mars, as shown in Chapter 7. Remember that morphology or the form of microfossils are not only compelling
evidence of the existence of life, but rather increase the risk of making the wrong decision. So, in the latter part of Chapter 8, in addition to efforts trying to find microfossils in the oldest geological records of Archean rocks, searches for the chemofossils (graphite) as evidence of the earliest life to be performed. The long stretch of the time of the Archean eon
until today must have destroyed the microfossils by metamorphoses, weathering, etc. Today, carbon isotope ratios (δ13C) of the chemofossils in graphite form using secondary ion mass spectrometric techniques (SIMS; see box 2.6) give us definitive information. Akio Makishima, in Origins of the Earth, Moon, and Life, 2017Rizo et al. (2011) a combined study
of 146.147Sm-142,143nd and 176Nd and 176Hf applied for mafical rocks (amphibolites) from the western part of the Isua Supracrustaldel (ISB, SW Greenland). The whole rock isochrons of Sm-Nd and Lu-Hf gave identical ages within a margin of error, 3.72 ± 0.08 and 3.67 ± 0.07 Ga, respectively. The excess of 142nd in Isua samples was observed to be 7-
16 ppm relative to the terrestrial Nd standard. This indicates that the early differentiated reservoirs are fully through mantleconvection until the Eon Archean escaped. The interception of the Sm-Nd whole-rock isochron is consistent with 142nd results and with a superchondritic initial 143nd/144Nd ratio (ε143Nd3.7 Ga = +1.41 ± 0.98). The corresponding
corresponding ε176Hf3.7 Ga = −1.41 ± 0.57 is subchondritic. Since Lu/Hf and Sm/Nd fractionate in the same way during mantle processes, the Sm-Nd and Lu-Hf isotope systems exhibit inconsistent parent-daughter behavior in the source of Isua amphibolites. Based on high pressure and temperature phase distribution coefficients, a model that meets
147Sm-143nd, 176Lu-176Hf, 142nd results and trace elements was proposed. A deep-rooted source consisting largely of magnesium perovskite (98% MgPv) with 2% calcium perovskite (CaPv; see box 6.1) explains satisfactorily the Nd and Hf isotopic discordance observed for Isua amphibolites. The negative high field strength anomaly anomalies that
characterize Isua basalts could have been inherited from such early (4.53–4.32 Ga) deep mantle cumulate. A deep-rooted source was involved in the formation of ISB lavas.6.1General, when perovskite is used, it indicates CaTiO3. However, other perovskites are indicated in cosmology. See Fig. 3.7A, which is a cross-section of the present earth. The lower
mantle deeper than 660 km (24 GPa) consists of magnesium or calcium perovskites, which are indicated as Pv and Ca-Pv in the figure, respectively. Their chemical formulas are (Mg, Fe)SiO3 and CaSiO3, respectively. In cosmology, chemical compositions of the mantle and basalt are considered reference compounds. For the former, the pyrolithic mantle
composition is used, and for the latter, the MORB composition is used (McDonough and Sun, 1995). Both model compositions of the mantle and basalt form Pv and Ca-Pv at a pressure higher than 24 GPa, which dissects in post-perovskites at higher pressure than about 110 GPa.Many materials have the perovskite composition and structure, A2+B4+X2−3
with useful industrial applications. MgCNi3 is a metal perovskite that attracts attention because it exhibits superconductivity. Yttrium barium copper oxide is a ceramic perovskite that also has superconductivity. Methylammonium lead triiodide (CH3NH3PbI3) solar cells are dye-sensitive with a high-power conversion efficiency of 20%. George Mikhailovsky,
Richard Gordon, in Habitability of the Universe Before Earth, 2018This question has a number of aspects:1.What is the earliest reliable evidence for prokaryotes?2.What is the earliest reliable evidence for eukaryotes?3.How long was and when did place?4.What other events were occurring for and during this transition?5.Could any of these other events have
been causal or necessary prerequisites of the transition? To answer question #4 first, we scaled figures 1–23 from many publications, so that they all stand on the same abscissa for the time before the present, starting with the formation of the earth at about 4.5 Ga. The accretion of most of the material that formed the Earth took 8 to 12 Mine, followed 40 to
100 Mine later by collision with a Mars-sized planet called Theia and the of the Moon (Gordon and Gordon, 2016; Yu and Jacobsen, 2011) 1 and 4). The earth's surface consisted of a global magma ocean that covered most of the earth's surface with a depth of 500 to 3000 km of molten rock at 4000°K (Maas and Hansen, 2015) that solidified within 10 My
years (Valley, 2005). There is evidence of an anoxic, low-sulphur-rich, iron-rich liquid water ocean of 4,4 Ga (Figs. 4 and 5) (Nutman, 2006; Wilde et al., 2001) to 4.3 Ga (Harrison, 2009; Mojzsis et al., 2001), although the frequent effects of large asteroids and meteors continued to 4.1 Go and then tapered off (Fig. 6). The Earth rotated with a period of 6 hours
or less compared to the current 24 hours (fig. 7). The sun was at less than 75% of its current brightness (Fig. 8) (Feulner, 2012).Fig. 4. Proposed chronology of geological, atmospheric and biological events during the Hadean, Archean, and Paleoproterozoists. Van Beraldi-Campesi (2013) with the permission of Springer and BioMed Central Ltd. under a
Creative Commons Attribution License. Ocean data is from Nutman (2006). Here we added a light green rectangle indicating the latest discovery of the oldest fossils, which may have been stromatolote prokaryotes between 4.28 Ga and 3.77 Ga (Dodd et al., 2017).Fig. 5. Oxygen, sulfur and metal levels in the world's oceans over time. The Archean Ocean
was sulfur-poor, an expansion in H2S-rich oceanic regions occurred around 2.4 billion years ago, which then gave way to fully oxygen-rich oceans around 800 Mon. That is, marine sulfate evaporites formed from both mother brines that were sourced in H2S-rich oceans of 2.4 to 0.8 Ga and from O2-enriched since 0.8 Ga. By Warren (2016) with kind
permission of John K. Warren, adapted from Anbar (2008) and Zerkle et al. (2005).Fig. 6. Cumulative number of effects on the e-band. Top: The number of E-belt effects create basin-sized craters (diameters over 300 km) on Earth and the moon. Soil: The number of E-belt effects causing Chicxulub-sized craters (diameters over 160 km) on Earth and the
moon. From Bottke et al. (2012) with permission from Nature Publishing Group. Note that Cumulative means going back in time from the present. The steep slope between 4.1 Ga and 4.0 Go indicates the beginning of LHB, which these authors conclude lasted 0.4 Gy to 3.7 Go. The E-belt is an expanded and now largely extinct part of the asteroid belt
between 1.7 and 2.1 astronomical units of [Earth's orbit] unit. This model contradicts the idea that the LHB was a statistical fluctuation (Boehnke and Harrison, 2016). From the graphs, we estimate about 600 effects over this period, the order of 1 every million years, probably not enough to keep the Earth sterile (Abramov and Mojzsis, 2009).Fig. 7. Top:
Diagram of empirical LOD [length of the day] data for the Phanerozoin (Pz) and the Proterozoic (Ptz) (na (Varga et al., 1998)). Of et al. (2011) with the permission of John Wiley and Sons. Below: Length of the day, plotted using data from Arbab (2008). (2008). black bar is the daily length estimate of 2.5 hours just after the impact of the earth with Theia (Ćuk
et al., 2016). The vertical arrow is another estimate of the day length after collision of 2-5 hours (Maas and Hansen, 2015). Stromatolites provide direct evidence of the daily rise and setting of the sun in the Precambrian (Zhang, 1986).Fig. 8. Solar brightness compared to today. Evolution of solar brightness over the four geological eons for the standard solar
model described in Bahcall et al. (2001) (landline) and according to the approach formula. From Feulner (2012) with the permission of the American Geophysical Unie.De weak solar paradox is the idea that the cooling of the Earth should have persisted to the point where the global ocean froze (Fig. 9 and 10), but it does not seem to have done so. The main
explanation of this paradox is global warming (Lowe and Tice, 2004; Schaefer and Fegley, 2014; Shaw, 2008), perhaps due to methane produced by the Late Heavy Bombardment (LHB) event at ~3.9 Ga (Fig. 6 and 11) and/or of methanogenic prokaryotes (Battistuzzi et al., 2004). However, according to the latest data (Boehnke and Harrison, 2016), the LHB
may be illusory. Another hypothesis explains the weak young Sun paradox by increasing radiogenic heat emitted from the decay of the isotopes K40, U235, U238, and Th232, which at that time about 4 times (Arevalo et al., 2009) to 6 times (Valley, 2005) more than now (Fig. 12). But the problem persists because the weak sun paradox does not have a
generally accepted solution.Fig. 9. Atmospheric carbon dioxide (above) and global surface temperature (soil) predicted by modeling, with Weak Sun and Bright Sun scenarios, for two different values of seabed weathering rates (α). CO2 is given in PAL units (current atmospheric level = 300 ppm) and temperature °K, respectively. Despite its name, the
Hadean climate would have been frozen unless tempered by other greenhouse gases. From Sleep and Zahnle (2001) with permission from the American Geophysical Union. Bright Sun clumps three possible scenarios, including other greenhouse gases present, such as methane.Fig. 10. Top: Average surface temperature [°K] evolution of the Earth as a
function of time given the changes in the brightness of the sun and assuming the current concentrations of carbon dioxide and water vapor (blue line) according to Sagan and Mullen (Sagan and Mullen, 1972). The calculations... assume a total pressure of 1 bar, an atmospheric composition constant with time and a fixed albedo of 0.35. In the past, the surface
temperature drops below the normal freezing point of water ~2 Go into this model. The solution to the weak young sun problem proposed by Sagan and Mullen (Sagan and Mullen, 1972) in terms of greenhouse gas warming dominated by ammonia (NH3) is also shown (red line). In this scenario, volume mixing ratios 10-5 of NH3, and H2S added to the CO2-
H2O greenhouse. In terms of warming, ammonia is the dominant greenhouse gas greenhouse gas this case. Van Feulner (2012) with the permission of the American Geophysical Union. Soil: Restrictions on ocean temperatures [°K] during the Archeaan. The existence of diverse lives since about 3.5 Gar and the typical ranges of temperature tolerance of
living organisms represent the upper limit mentioned by the green line (Walker, 1982). Evaporating minerals have been present since about 3.5 Gar, and the fact that many were initially deposited as gypsum sets an upper limit at 58 °C (cyan line) (Netherlands, 1978). The relatively high (but controversial...) temperatures derived from oxygen isotope ratios in
cherts are shown in blue (Knauth and Epstein, 1976; Knauth and Lowe, 2003). More recent estimates based on a combination of oxygen and hydrogen isotope ratios (HREN et al., 2009) and the composition of the oxygen isotope of phosphates (Blake et al., 2010) are shown in red and magenta respectively. The range of current ocean temperatures is
indicated in grey (Locarnini et al., 2010), and the freezing point of seawater at normal pressure and for the current salinity is indicated by the dotted line. Van Feulner (2012) with the permission of the American Geophysical Union. Gar = Go in our notation.Fig. 11. Top: Different interpretations of the mass flux (accretion rate) on the moon. The ages of the main
impact basins are mentioned. The landline is the current background flow extrapolated back to the origin of the solar system. LHB indicates the spike in accretion speed that the Late Heavy Bombardment. The dotted line indicates an accretion curve that includes the masses of the pelvic-forming projectiles; this curve is probably not correct because it implies
accretion of the moon on 4.1 Go. The gray band marks the age of the moon obtained from the measurement of radiogenic isotopes (Koeberl, 2006). The vertical scale is mass in grams per year. The LHB can be a statistical fluctuation rather than a real phenomenon (Boehnke and Harrison, 2016). Van Koeberl (2003) with springer's permission. Soil:
Estimates for methane partial pressure in the atmosphere in different eras in Earth's history. The period of frequent effects during the Late Heavy Bombardment is shown in gray, with the estimate for methane produced in effects by Kasting (2005) as a black circle. The green area indicates the range based on estimates of biological methane flows during the
Archaean (Kasting, 2005). The brown triangle shows the contribution of abiogenic sources based on the current estimate of (Emmanuel and Ague, 2007), including a possible increase to a factor of 10 in earlier times due to faster creation of seabed (Kharecha et al., 2005). The decrease with time is not based on a detailed model, but only intended to give a
rough indication of this possibility. for atmospheric methane content of a model of the Great Oxidation Event are indicated in magenta (Goldblatt et al., 2006). Phanerozoid CH4 concentrations estimated in (Beerling et et 2009) are represented by the thin black line. Finally, the pre-industrial and contemporary methane partial pressures are displayed as open
and filled red circles, respectively (Forster and Ramaswamy, 2007). The thick black dotted line is a highly idealized sketch of the Earth's methane history based on these estimates. Methane fluxes have been converted into atmospheric mixing ratios using the relationship in (Kasting, 2005), and a total pressure p = 1 bar is assumed for the conversion of
volume mixing ratios to partial pressure values. Vertical units are Log10 of the partial pressure of methane measured in bars. Van Feulner (2012) with permission from the American Geophysical Union.Fig. 12. The radiogenic heat production of the earth [in TW] of the decay of long-lived radionuclides through time. Before 2.5 Go, K acted as the dominant
radiogenic heat source within the planet. The exponential increase in radiogenic heat in the geological past probably resulted in a higher convective Urey number in the ancient mantle. Van Arevalo et al. (2009) with the permission of Elsevier.As for continents, by which we mean parts of the Earth's crust above the water ocean, some microcontinents may
have existed as the first sialcic crust, which provided building blocks for the earliest microcontinents at 4.02 to 3.9 Ga (Grosch and Hare, 2015), up to 3.4 Ga (Griffin et al., 2011; Lang and Burger, 2012), but most appeared only 0.8 Gy later on 3 Ga (Dhuime et al., 2015) (Fig. 4 and 13). The earliest microcontinents may have been a byproduct of early life
(Grosch and Hare, 2015). The Earth's crust at the beginning of the Archeaan at 4.0 Ga was thus mostly covered with oceans and an atmosphere above (fig. 5). If the early solar wind (fig. 14) has depleted the Earth (Tarduno et al., 2014) of much of its original water (Izidoro et al., 2013), one possible implication is that the Earth has had a larger water inventory
on and prior to the Paleoarchaean, thus preserving the modern oceans (Tarduno et al., 2014). In that case, the early ocean would have been much deeper, potentially slowing the appearance of upper waterland.Fig. 13 Top: Thickness of continental crust. Van Dhuime et al. (2015) with permission from Nature Publishing Group. The onset of plate tectonics
has been documented in (Shirey and Richardson, 2011), although some sort of plate tectonics activity may have started as early as 4.5-4.4 Ga (Wellman and Strother, 2015). A review of continental growth models leaves open the possibilities that the Earth during the Hadean Eon (~4.5-4.0 Ga) was characterized by massive early crust or essentially none at
all.... Hadean detrital zircons... are interpreted as an early terrestrial hydrosphere, early felsic crust in which granitooids were produced and later weathered under high water activity conditions, and even the existence of plate boundary interactions-in stark contrast to the traditional conception of an uninhabitable, hellish world (Harrison, 2009). Below: volume
of continental crust compared to today. Examples for recent results on the growth of the volume of the continental crust over time derived from isotope data (Belousova et al., 2010; Dhuime et al., 2012). Van Feulner (2012) with permission from the American Geophysical Union.Fig. 14. Magnetopause standoff away from the solar wind from the sunlit side of
the Earth. The magnetopause is the point to the sun where the solar wind pressure is compensated by the Earth's magnetic field. The vertical scale is located in units of the current radius of the Earth. The fit of measured dipole moments versus age suggests that the distance between the wind and the wind was never less than half than at present. From
Tarduno et al. (2014) with the permission of Elsevier.Prior to the impact that the Moon forms (Fig. 1), the atmosphere may consist of gases gassing from the mixture of chondritic meteorites from which the Earth formed, suggesting that the early atmosphere appears to be composed of mixtures that pressure CO2, H2O, H2, CO, N2, NH3, CH4, SO2, HCl, and
HF, perhaps up to 100 bars (Schaefer and Fegley, 2014). In the first half of the Archeean eon, the atmosphere probably consisted of nitrogen (N2), carbon dioxide (CO2), water vapour (H2O) and smaller amounts of other gases (Kasting, 2014; Kasting and Howard, 2006; Zahnle et al., 2010a; Zahnle et al., 2010b). It was virtually devoid of free oxygen (O2)
and so could only support anaerobic life. But in the second half of the Archean eon (from about 3 Ga), when the air tightness was at most twice as high as at present, the oxygen concentration in the atmosphere began to rise slowly (fig. 15). This put an end to the Earth's first Iron Age, with reduced Fe as the main electron donor for photosynthesis, oxidized
Fe the most common terminal electron acceptor for breathing, and Fe an important cofactor in proteins (Knoll et al., 2016) (fig. 15). After about 0.5 Go this led to the Great Oxygenation Event (GOE) or Oxygen Catastrophe which proterozoic eon (2.5 Ga) started. It drastically changed the evolution of our planet presumably due to photosynthesis caused by
cyanobacteria (Warren, 2016) (fig. 16). However, it should be noted that there are alternative explanations for the GOE:Fig. 15. Top: (1) Estimated air tightness at sea level 1.3–2.3 kg/m3, measured by raindrop craters of volcanic ash (Sum et al., 2012). (2) Range 0,23–0,5 bar using the size distribution of gas bubbles in basal lava flows solidified at sea level
(Sum et al., 2016). (3) N2 range of 0,5–1,1 bar (fixed rectangle) supplemented by a maximum of 0,7 bar CO2 (dotted rectangle) (Marty et al., 2013). Middle: Atmospheric oxygen. The darker grey represents the current model. Vertical arrows indicate possible whiffs of O2. Van Lyon et al. (2014) with permission from Nature Group. The latest estimate is that
the GOE started between 2,460 Ga and 2,426 Ga. Moreover, the emergence of atmospheric oxygen was not monotonous, but instead characterized by oscillations, which along with climatic instability may have continued in the upcoming ~200 Mine to ≤ 2,250 Go to 2,240 Go (Gumsley et al., 2017). Below: Schematic representation of major events during the
Archeean to Proterozoic transition. The dark and light boxes in the upper panels represent respectively reducing and oxidizing atmospheres;... S = sulphur (na (Bekker and Holland, 2012; Holland, 1994)).... The distribution of Fe deposits is after (Isley and Abbott, 1999). Plot of Δ33S vs. age after (Farquhar and Wing, 2003) and (Reinhard et al., 2013); white
circles are bulk rock data and gray circles are secondary ion mass spectrometry generated data. Carbon isotopic evolution of marine carbonates is after (Shields and Veizer, 2002). Van Martin et al. (2013) with permission from Elsevier.Fig. 16. Summit: Timeline of Earth's evolution. Continents formed ~3.8 Bya [Ga], after temperatures had cooled and
meteorite bombardment had stopped. In ~ 3.46 billion year old rocks (Australia) first evidence for life is found. Around 2.45–2.32 Bya oxygen accumulated in the atmosphere during the Great Oxidation Event produced by cyanobacterial oxygenal photosynthesis. Oldest cyanobacterial fossils can be found in the Gunflint Chert (1.88–2.0 Bya). The first
eukaryotes evolve around 1.6–1.8 Bya. Bya = Go. From Marshall and Schirrmeister (2013) with the kind permission of Bettina Schirrmeister. The Microbial Fossils would be bacteria, as no one, as far as I know, has reported another archaeal microfossil (Knoll, 2015). Middle: Time calibrated phylogeny of cyanobacteria with estimates of divergence time....
Morphological features of taxa are marked by colored boxes and mentioned in the deployment .... Branches with rear probableties &amp;gt; 0.9 in all analyses are presented as thick lines. Grey circles mark points used for tree calibration.... A significant increase in diversification (yellow triangle) [9.66-fold (average of all analyses)] can be detected at node 3
and a small decrease (red triangle) at 33/34. The earlier shift close to junction 3 coincides with the origin of multicellularity. Schematic drawings of cyanobacterial fossils are placed below the timeline, with those used to calibrate the tree marked in red. Our results indicate that multicellularity (green shadow) originated before or at the beginning of the GOE. Van
Schirrmeister et al. (2013) with friendly permission from Proceedings of the National Academy of Sciences U.S. Soil: Cyanobacteria are an important component of stromatolites. Distribution of the reported number of cases of total stromatolites and microdigitate stromatolites during the Precambrian. Van Condie (2004) with permission Elsevier. From right to
left, the distribution here has been extended to 3.5 Go with data from Schopf (2006), to 3.7 Go with the discovery of shallow water stromatoliites of that age (Nutman et al., 2016), and to between 4.28 Go to 3.77 Go with the latest latest (Dodd et al., 2017). Vertical scale is counts of sites. Stromatolites continue to exist to date (Damer, 2016) (Fig. 4 and 7). The
appearance of the O2 in the atmosphere ca. 2.3 Go can be easily explained if cyanobacteria developed at that time. However, this explanation is made highly unlikely by the discovery of biomarkers in 2.7- to 2,8-Ga sedimentary rocks characteristic of cyanobacteria (Brocks et al., 1999). An alternative explanation includes a change in the redox state of
volcanic gases as the trigger for the change in the oxidation state of the atmosphere. This was proposed by Kasting et al. (Kasting et al., 1993). (Holland, 2002) The causes of the abrupt transition remain hotly debated. Published hypotheses include a change in the redox state of mantle gases (Kump and Barley, 2007; Kump et al., 2001), changes in the
supply of marine nutrients (Campbell and Allen, 2008) and/or reduced wells for O2 (Bjerrum and Canfield, 2002), a switch between two feedback-stabilized steady states (Goldblatt et al., 2006), a decrease in atmospheric methane levels (Konhauser et al., 2009; Zahnle et al., 2006) and the evolution of oxygenic photosynthesis itself (Kopp et al., 2005).
(Sessions et al., 2009) The gradual removal of hydrogen under reduced standoff conditions [Fig. 14] may also have been important for the transformation of the Earth's atmosphere from one that was reduced light to one that oxidized. (Tarduno et al., 2014) Cf. (Zahnle and Catling, 2014). About 0.2 Gy after the GOE, limestone and dolostones were found to be
extraordinarily enriched with the 13C isotope of carbon. This was called the Lomagundi Event. It lasted from 130 to 250 My (Martin et al., 2013) and was the result of the burial of huge amounts of organic carbon that were accompanied by the production of correspondingly large amounts of oxygen (Bachan and Kump, 2015), as indicated in C and S isotope
data (fig. 17).Fig. (A) The Lomagundi event. From Warren (2016) with kind of permission from John K. Warren. (B) The transition from Protopangaea to Paleeopangaea illustrating the characteristics of prolonged rest in the late Archeische and early Palaeoproterozoic times followed by resurgence of tectonic activity after ~2.2 Go accompanying reconfiguration
of the continental crust on the earth's surface and coinciding with the Longamundi-Jatulian isotophilic event (Melezhik et al., 2007). Geological signatures included here include a histogram of arched greenstones, the global frequency of granitoids, the duration of sedimentary unrealities, and variations in sea level and carbon isotopes (Barley et al., 2005;
Condie et al., 2009). The figures of continental distribution (earth brown) on projections of the whole world show the configuration of the crust with respect to the geomagnetic (and suspected rotation) axis before and after 2.2 Go. Van Piper (2015) with the permission of Taylor &amp; Francis. (C) Variation in VRMS [continental speed] for the continental crust
during (after Piper, 2013). Individual values of speed are qualitative and based on the calculation of average poles within 50 million years of windows; between 0.8 and 0.6 Ga, poles are calculated at 25 million year intervals to highlight the delay, followed by a rapid increase in the rate of APW [Apparent Polar Wander] in the Ediacaran Period after ~0.6 Ga;
the final effect is illustrated for three individual APWPs [Apparent Polar Wander Paths] in this figure during the interval 0.6–0.5 Ma. Van Piper (2015) with the permission of Taylor &amp; Francis. (D) Summary of carbon (black) and sulfur (red and gray) isotope data through the history of the Earth. Van Lyon et al. (2014) with permission from Nature Publishing
Group.Free oxygen supposedly acted as a poison for obligate anaerobic prokaryotes, and many prokaryotic species may have become extinct or have retreated into anoxic niches. This could prove to be the most massive extinction event in Earth's history. In addition, free oxygen reacted with atmospheric methane (CH4), whereby the concentration was
greatly reduced (fig. 11). Because methane is one of the main greenhouse gases, its reduction led to the Huronian glaciation (from 2.4 Go to 2.1 Ga), the longest in earth's history (Frei et al., 2009). During this 0.3 Gy, the Earth looked like a snowball because the surface was completely (or almost completely) frozen. Ryuho Kataoka et al. (Kataoka et al.,
2013; Kataoka et al., 2014) point to an additional possible cause of this and other snowball events in the upper Proterozoic: two major potential climate change starburst events happened in our galaxy at 2.4 to 2.0 Ga and 0.8 to 0.6 Ga (Marcos and Marcos, 2004; Rocha-Pinto et al., 2000) (fig. 18). Astrophysical events such as supernovae can cause
fluctuations in mutation rates on Earth and thus accelerate molecular clocks (Melott, 2017), perhaps explaining the differences in fig. 1. Mass extinctions of eukaryoten may (Filipović et al., 2013; Leitch and Vasisht, 1997; Vukotić, 2017) or not (Bailer-Jones, 2009; de Mello et al., 2009; Feng and Bailer-Jones, 2013) correlate with the passage of our solar
system through the spiral arms of the Milky Way, but for now we have no direct way to extrapolate these correlations in the past 0.5 Gy back in the Precambraans and Hadean. The only suspected (but not proven) mass extinction during this period, of anaerobic prokaryotes, took place in the GOE, providing little data for demand.Fig. 18. Top: Starbursts and
Snowball events. The scale at the top right shows relative star formation in the Milky Way. From Kataoka et al. (2013) with the permission of Elsevier. left/right reversed and relabeled. See also (Kataoka et al., 2014). Soil: Ice ages. The O2 rise is the Huronian. Custom Kasting and Howard (2006). See also (Eyles, 2008; Kataoka et al., 2013). The history of the
hydrosphere, and especially the ocean, in the Archean eon was apparently not full of important events events 5). For a while it was generally accepted that the surface ocean temperature at that time was between 55°C and 80°C, the salinity was 1.5-2 times higher than the modern value, and these values did not change significantly from 4 Go to 2.5 Go
(Gaucher et al., 2008; Gouy and Chaussidon, 2008). Based on this assumption, supported by oxygen isotope data for early diagenetic cherts, L. Paul Knauth (Knauth, 2005) concluded that the solubility of O2 in that ocean was very low, and that no one but anaerobic organisms could exist there, even after the concentration of O2 in the atmosphere began to
increase dramatically. However, a few years later, new studies (Blake et al., 2010; Kasting and Howard, 2006; Sum et al., 2012) combining oxygen and hydrogen isotope compounds of cherts made a case for Archaean ocean temperatures not exceeding 40 °C (Fig. 9 and 10). This result supports a cooler, temperate Archeic ocean around 26°C to
35°C.Overall, the Proterozoic Ocean (after 2.5 Ga) did not differ materially from the Archean Ocean. Donald Canfield (Canfield, 1998) proposed a model that found deep ocean ventilation more than a billion years behind the GOE, resulting in a huge, deep reservoir of hydrogen sulfide. The ocean bodies of water in the beginning of Proterozoic eon remained
anaerobic with expansion of H2S-rich regions occurring around 2.4 Ga (Fig. 5), but with an essential exception, where the surface of the ocean contacted the atmosphere, in the upper level of the open ocean, shallow waters, estuaries, coastal baths, etc. They were best suited for life. This very small but most populated part of the ocean had, as we saw
above, a temperature of only about 30°C and a lower salinity due to input from rains and rivers. It allowed oxygen to dissolve. As a result, the oxygenated making of these ocean areas began just after the GOE, i.e. on 2.5 Ga.Continental crust and the first real continents appeared around 3.0 Ga (Dhuime et al., 2015) and the continental thickness grew for the
next 2 Gy reaching 40 km, which is almost a quarter more than today's average thickness (~32 km) (Fig. 13). During the period from 3.0 Go to 2.5 Go, the continental crust contained ~1500 types of minerals. Then after the GOE, the number of such species increased dramatically to ~4000, close to ~4500 mineral species that the crust has now (Hares, 2012)
(Fig. 19). This leap in mineral diversity happened due to a sharp increase in atmospheric oxygen, which followed a number of significant glaciation events and eventually gave rise to skeletal biomineralization, transforming the earth's surface mineralogy. Biochemical processes may therefore be directly or indirectly responsible for most of the 4,500 known
mineral species on Earth (Hare et al., 19. Vertical scale is Mineral diversity (cumulative # species). The mineralogical diversity of the earth has increased in 10 phases. Van Hazen (2012) with kind permission of Robert M. Hazen. The labels for stages during the 1 (Hare and Ferry, 2010). The number of current minerals on earth has recently increased to 5200
(Morrison et al., 2017). The first eukaryotes were probably aerobic or at least aerotolerant (Margulis et al., 2006), especially taking into account the fact that the endosymbiotic theory suggests a close relationship between mitochondria and aerobic Rickettsiales or other α-proteobacteria (Curtis and Archibald, 2010; Emelyanov, 2001). If so, the eukaryotic step
of hierarchicalogenesis took about 500 Mine from 2.5 Go to 2.0 Ga, that is, the period that lies between two peaks in large effects and respective cloak plums (Fig. 20).Fig. 20. Height of time series versus age in Ma. All data is smoothed out by adjusting the minimum age error (M) to 45 Mon. (A) Lunar effect history as derived from dating of impact spheres
with age errors of ≤ 150 Ma. Arrows are at the same point in time as the peaks of peaks in large effects. Note that, within the average error of the ages in the moon time series (76 Ma), these peaks line up. (B) Terrestrial impact history derived from the dating of known impact craters and derived impact craters with diameters of more than 11 km. The peak
heights in the time series are weighed by the size of the derived impact crater for each impact event. Note the arrows indicating peaks that are in the Earth and lunar impact time sequences. These arrows are during the time series, which support the reliability level of 97% of the cross correlation between the two time series. (C) Stronger mantle plumes
derived from dating of high MgO extrusives and intrusive through time. Note the arrows with seven peaks that line up during geological time in series B, C and D, supporting the 96 to 99% reliability level of the cross-correlation between the two plume time sequences and the terrestrial impact time series. (D) All mantle plumes as derived from dating the four
mantle plumes: massive dike swarms, high-Mg extrusives, flood bases, and ultramafic and mafic layered invaders. Arrows are at the same point in time as the peaks of peaks in large effects that line up with peaks in the moon impact record. Note that seven of the eight peaks line up within the average error of ages in the terrestrial impact time series (46
Mon). Also note that some of the Meso-Proterozoic and Early Archeaan peaks in the moon time series appear to line up with peaks in the two plume time series, suggesting that there are major terrestrial impact events that have yet to be detected. From Abbott and Isley (2002) with permission of Elsevier. left/right reversed and relabeled. Ma = Mine in our
notation. However, we cannot rule out the other possibilities. Anaerobic eukaryotes could have appeared at the end of the Archeean eon and then became extinct as of the GOE, although there is no evidence of it. Nevertheless, some researchers (Mentel and Martin, 2008) underline the evolutionary significance of oxygen-independent ATP-generating



pathways in mitochondria mitochondria could have been used by hypothetical Archaean anaerobic eukaryotes. In addition, Martin Van Kranendonk et al.dat the development of eukaryotic is linked to the rise of oxygen, because these large (104-105 x the volume of bacteria), complex heterotrophic cells meet their ATP needs (adenosine triphosfat) due to the
oxidative breakdown of reduced organic compounds and a major advance of the euyotes was that they were able to generate large amounts of energy and a major advance of the euyotes was that they were able to generate large generating energy and a major advance of eukaryotes was their ability to generate large amounts of energy , compared to
prokaryotes, by packing hundreds of mitochondria into one cell and thereby dramatically increasing their size (Van Kranendonk et al., 2012). According to these authors, the main events in eukaryotic evolution took place between 2.1 and 1.8 Ga.Hedges et al. suggested that eukaryotes originated in two steps of symbiosis: premitochonriaal that happened at
2.7 Ga and mitochondrial at 1.8 Ga (Hedges et al., 2001). A similar view was expressed by several researchers (Butterfield, 2015; Field and Dacks, 2009; Koumandou et al., 2013) that marked these two steps as FECA and LECA where FECA could have been a much simpler system and could have led to many lineages that were then fought by LECA and its
descendants (Field and Dacks, 2009). LECA, on the other hand, possessed mitochondria, significant internal differentiation and a well-defined core (Koumandou et al., 2013). Walter D. Mooney, ... Nina I. Pavlenkova, in International Geophysics, 2002The Near East and Africa are largely underlain by Precammbrian cratons, with, compared to other
continents, a very small part of the crust being of younger age. The younger crust covers the Cape, Mauritanide and Atlas fold belts, respectively, on the south, northwest and northern edges. The geological evolution of the African continent began in the Early Archean Eon, 3.2–3.65 Go with the formation of the Cape Shelf craton of southern Africa. The entire
land mass was assembled and stabilized by 0.6 Go. The most important tectonic events since the end of the Precambrian are: (1) the Mesozoic and Cenozoic cracks on the western edge during the opening of the South Atlantic; and (2) rifting in East Africa and the Red Sea in late Cenozoic.As is evident in Figure 4, large parts of Africa have not been
examined by seismic refraction profiles. Major seismic research has been carried out in the Afro-Arab rift system and the immediate vicinity of East Africa (Prodehl et al., 1997). The crustal and upper mantle structure has been examined by seismic refraction surveys in the Jordan-Dead Sea rift, the Red Sea, the Distant Depression and the kenya 's divide' (fig.
11). With the exception of the Jordan-Dead Sea transformation, the entire Afro-Arab rift system is underlain by anomalous mantle with Pn speeds less than 8 km sec−1, while under the rift flanks the Pn speed is clearly equal to or above 8.0 km sec−1. Different styles of rifting have been found. Found. crust floors the axial trough of the southern Red Sea
gorge, thinned continental crust underlies the margins of the Red Sea, Afar depression, and northern Kenya gorge. In contrast, 30-35 km thick continental crust can be found both under the Jordan-Dead Sea rift, an area of strike-slip rifting, and under the central Crack in Kenya, where updoming driven by a vibrant mantle is apparently the controlling feature.
The transition from depleted continental crust to 5-6 km thick oceanic crust in the middle of the Red Sea seems to be gradual. By contrast, the transition from the thin crust of the East African gorge to the undisturbed continental crust of 40 ± 5 km thickness is usually quite abrupt. The seismic data indicate different stages of rifting, and imply the presence of
hot upper mantle among most parts of the rift system, possibly related to plume activity. Volcanism can disturb and/or sign the crust in places, changing especially the lower crust. FIGURE 11. (a) Location of long-distance seismic lines in the Afro-Arab rift system (Prodehl et al., 1997). Continuous lines: seismic refraction surveys, full circles marking shot
points where locations were published. Dotted lines: approaching lines through epicenters of local earthquakes, crosses: IRSAC (Institut pour la Recherche Scientifique and Afrique Centrale) network in Zaire. b) Velocity depth columns through the Afro-Arab rift system. The evolutionary sequence [for locations see Fig. (a)] illustrates the variation in crust
thickness under the Afro-Arab rift system of the Jordan-Dead Sea transforming system through the Red Sea, Gulf of Aden and Afar triangle on the southern side of the Rift in Kenya. M, Moho. Depths refer to sea level. Numbers of crust columns refer to a) (Prodehl et al., 1997). Parts of North Africa have been studied with seismic profiles. The measurements
in Tunisia were completed in the context of the European Geotraverse of 1982-1985 and are summarised in sections 2.3 and Figure 9. In addition, a geological and geophysical transect was completed by the High Atlas Mountains in Morocco. These mountains were formed over a major intracontinental rift system that had expanded from what is now the
Atlantic margin from Morocco to the Mediterranean coast of Tunisia (~2000 km) during the convergence of African and European plates. Crustal thickness variations in the region mark one of the more remarkable aspects of these orogens. Despite topography that is more than 4 km locally, there does not appear to be a crust thicker than 40 km. Beauchamp
et al. (1999) report thin crust (18-20 km) under the Moroccan shelf and a thickness of 30 km south of the High Atlas Mountains. The crust extends up to 24 km to the Atlantic margin, and reaches an average crust thickness of 35 km north of the mountains. The is 39 km thick under the mountains. There is also evidence for a low speed zone at a depth of 10-
15 km below the High and Middle Atlas mountains. This This due to a crustlosement located at the foot of the Paleozoic (Beauchamp et al., 1999).E.T. Sundquist, K. Visser, in Treatise on Geochemistry, 2003Many aspects of the precambrium history of the carbon cycle are summarized in the Netherlands (2003). Although the carbon isotope record suggests
the common existence of 13C-depleted organic carbon of biological origin by 3 Ga, the atmosphere contained very little oxygen and the carbon cycle did not begin to resemble its modern form until the Late Archean Eon and the transition to the Proterozoic Eon (Des Marais et al., 1992; Kasting, 1993; Des Marais, 2001). The earliest life forms appear to be
based on fundamentally different forms of carbon cycling in which organic synthesis and metabolism took place without the production and consumption of oxygen. Anoxygenic photosynthesis is now observed in various forms of bacteria, and the antiquity of these forms is suggested by analyses based on genomic sequencing and the molecular structure and
function of important protein complexes (Mathis, 1990; Schubert et al., 1998; Rhee et al., 1998; Xiong et al., 2000; Hedges et al., 2001). Early life forms may have cycled carbon through redox reactions with hydrogen, sulfur, iron or non-biotic organic compounds (see for example Walker, 1987; Widdel et al., 1993; MacLeod et al., 1994; Russell and Hall, 1997;
Tempo, 1997; Rasmussen, 2000; Kelley et al., 2001). The origin of oxygenic photosynthesis is attributed to the cyanobacteria, which seem to have evolved hundreds of millions of years before the rise of atmospheric oxygen (Buick, 1992; Brocks et al., 1999; Subpoena et al., 1999; Des Marais, 2000). During the period of transition to oxygen-containing
conditions, the oxygen produced by photosynthesis was probably consumed by reaction with reduced compounds, except in certain oxygen-containing environments (Cloud Jr., 1968; Walker et al., 1983; Kasting, 1987, 1993). The quantitative rate of the increase in atmospheric oxygen is a subject of lively debate (The Netherlands, 1994, 2003; Ohmoto, 1996;
Holland and Rogge, 1997; Lasaga and Ohmoto, 2002). The expansion of oxygenated conditions may have been influenced by the evolving differentiation of the Earth's mantle and crust, changes in the oxidation state of volcanic gases, episodes of tectonic activity, hydrogen escaping into space from the upper atmosphere, and the increasing availability of
stable cratonic platforms for more productive life forms and more active subatonal weathering (Walker et al., 1983; Des Marais et al., 1992; Kasting et al., 1993; Kasting, 1993, 2001; Hoehler et al., 2001; Catling et al., 2001; Netherlands, 2002). The variety of processes affecting atmospheric oxygen must also have had an impact on cycling and the
atmosphere may have absorbed both CO2 and CH4 at present (Kasting, 1993; Hayes, 1994; Rye et al., 1995), but see Kasting et al. (1983). Cycling CH4 through microbial production and consumption may have been so important that this period methanotrophs (Hayes, 1994). High atmospheric concentrations of CO2 and/or CH4 were probably needed to
compensate for the sun's reduced brightness during this period (Sagan and Mullen, 1972; Owen et al., 1979; Kuhn and Kasting, 1983; Kasting et al., 1988; Rye et al., 1995). As the oxidation status of the earth's surface gradually changed, the anaerobic oxidation of methane through reaction (10) may have been an important transitional pathway (Hinrichs and
Boetius, 2002). The first significant increase in atmospheric oxygen (called the Great Oxidation Event) is derived from a positive deviation in the carbon isotope ratios of marine carbonates deposited between 2.22 Ga and 2.06 Ga (Karhu and Holland, 1996). This shift is interpreted as an effect of increased organic carbon burial, leading to more atmospheric
oxygen as discussed in section 8.09.4.1.3. The timing of this carbon and oxygen event is generally supported in the sediment record by the earliest appearance of redbeds (oxidized subaeral sediments) and by the disappearance of striped iron formations and detrital pyrite and uraniite (Cloud Jr., 1968; Walker et al., 1983; Netherlands, 1994). Further support
has been documented in the disappearance of sediment sulfur isotope signatures that may only have been created by mass independent fractionation in a low-carbon atmosphere (Farquhar et al., 2000). A second positive carbon isotope excursion is visible in marine carbonates formed during Neoproterozoa. This function is characterized by large vibrations
associated with glaciogenic sediments that have been attributed to so-called snowball Earth conditions (Hoffman et al., 1998; Hoffman and Schrag, 2002). Declining concentrations of both CO2 and CH4 are thought to be causes of the onset of intense global icing during this time, and increasing CO2 is believed to be a cause of later deglaciation (Hoffman
and Schrag, 2002; Pavlov et al., 2003). 2003).
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