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Regional Metamorphism of the Isua Supracrustal Belt (3.8Ga): Estimate of Archean

Geothermal Gradient and Carbon Cycle
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The 3.7-3.8 Ga Isua Supracrustal Belt (ISB), Southwest Greenland, constitutes the oldest accretionary complex on Earth. De
tailed microscopic and microprobe analyses reveal that the west side of ISB comprises metamorphic facies ranging from low t
high amphibole facies, which record the Archean geothermal gradient at a subduction zone. Using an isochemical phase diagre
(pseudosection), compiled through bulk compositions of ISB, suggests that the geothermal gradient at ISB is an intermediate P/
type in the Archean, whereas high-P/T in Phanerozoic. The shift of the geothermal gradient may reflect the geothermal secul:
variation of the Earth.

Plate tectonics plays a key role in the carbon global cycling. It has been reported that the less metamorphosed 3.1Ga Arche:
MORSB in Pilbara Craton, West Austlaria, contain 30 vol% of carbonate minerals in average, formed under the mid-ocean ridge
hydrothermal carbonation reaction with the £fich Archean seawater. On the other hand, the 3.8Ga Archean MORB in the
study area, highly metamorphosed under subduction zone, rarely contain carbonate minerals. Comparing the estimated Arche
geothermal gradient and stability fields of carbonate minerals of metabasite in the study area, protolith of which is MORB, sug-
gests that most of carbonate minerals in the oceanic crusts cannot be stably dragged into the mantle under the Archean geother
gradient at the subduction zone even though the oceanic crusts are carbonated up to containing 30vol% of carbonate minera
Moreover the modal abundance of carbonate minerals in the MORB decreases according to the increasing metamorphic gra
raging from greenshist to middle amphibole facies in the northeast of ISB, which implies that the carbonate minerals must hav
been formed prior to being subducted at the convergent boundary. Based on these evidences, almost all of carbonate miner
trapped in the oceanic crusts could have returned to the surface at the subduction zone in the Archean even though the Arche
oceanic crusts are highly carbonated.
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Geochemistry of 3.5 Ga North Pole basalts and its implications for material recycling in

the early Earth
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One of the characteristic of the Earth includes plate tectonics, which causes effective recycling of near-surface materials an
brings heterogeneity into the Earth. The modern mantle is geochemically heterogeneous, as is sampled by mid-ocean ridge bas:
(MORB) and ocean island basalts (OIB), indicating different mantle sources. Geochemical variability of the mantle has now beer
statistically re-analyzed to have found that the two contrasting but mutually compensating nature of the MORB and OIB source:
(lwamori et al., 2010). A question then arises as to when and how such heterogeneity of the mantle has been created. Komiya
al. (2004) argue there were at least two mantle sources in the Archean based on major element and REE compositions of MOR
and OIB.

Based on these background, we perform the trace element and isotopic measurements for Archean MORB and OIB in thi
study to give constraints on differentiation of the Earth and its timing, in particular, the material recycling associated with plate
subduction with the crustal components. Archean basalt samples of "3.5 Ga were collected from North Pole in northwester:
Australia, and have been classified as MORB and OIB by their geological occurrence and stratigraphy (Komiya et al., 2002)
Results include ~30 trace elements and Sr and Nd isotopic measurement for relatively fresh three MORB and three OIB sample
being spatially associated within several km in the study area. Clinopyroxene (cpx) has been sampled from one MORB sampl
using a micro-drilling system, in order to avoid alteration effects, which was analyzed for trace elements and Sr-Nd isotopic
ratios, together with the total six whole rock analyses.

Both the whole rock and the cpx compositions show a consistent composition indicating a high degree of melting of a primitive
mantle (10 to 20 percent for OIB, and 30 to 40 percent for MORB) with a small amount of garnet in the residue, except for
alkaline elements, alkaline earth elements, and Sr isotopic compositions, which are thought to have been significantly perturbe
by alteration. Since presence of MORB and the duplex structure in the study area suggests that a type of mid-ocean ridge syste
already operated at 3.5 Ga, material recycling with subduction must have started at that time. The results of this study sugge
that the mantle was principally homogeneous, indicating that the subducted material was not well stirred to affect the mantle
composition at 3.5 Ga. We also conclude that cpx is useful to recover the original and correct compositions in the old rocks, ant
by comparing it with the whole rock analyses, we are able to evaluate the degree of metamorphism or aleteration of the whol
rock compositions.
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Numerical simulations of mantle convection with the supercontinent cycle using a 3D

spherical-shell model
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The thermal heterogeneity of the Earth’s mantle under the drifting continents during a supercontinent cycle is a controversia
issue in earth science. Here, a series of numerical simulations of mantle convection are performed in 3D spherical-shell geomett
incorporating drifting deformable continents and self-consistent plate tectonics, to evaluate the subcontinental mantle temper:
ture during a supercontinent cycle. Results show that the laterally averaged temperature anomaly of the subcontinental mant
remains within several tens of degrees (plus or minus 50 degrees) throughout the simulation time. Even after the formation of th
supercontinent and the development of subcontinental plumes due to the subduction of the oceanic plates, the laterally averag
temperature anomaly of the deep mantle under the continent is within +10 degrees. This implies that there is no substantial ten
perature difference between the subcontinental and suboceanic mantles during a supercontinent cycle. The temperature anon
immediately beneath the supercontinent is generally positive owing to the thermal insulation effect and the active upwelling
plumes from the core-mantle boundary. In the present simulation, the formation of a supercontinent causes the laterally averag
subcontinental temperature to increase by a maximum of 50 degrees, which would produce sufficient tensional force to break u
the supercontinent.

The supercontinent cycle bears close relation to the evolution of mantle convection and plate tectonics. Supercontinent for
mation involves complex processes of “introversion” (closure of interior oceans), “extroversion” (closure of exterior oceans),
or a combination of these processes in uniting dispersed continental fragments, as against the simple opening and closing
individual oceans envisaged in the Wilson cycle. Results show that supercontinents are assembled by a combination of intrc
version and extroversion processes. Regular periodic supercontinent cycles assembled by extroversion, observed in previous
and 3D simulations with rigid, nondeformable continental lids, are not confirmed. Small-scale thermal heterogeneity dominates
deep mantle convection during the supercontinent cycle, although large-scale upwelling plumes intermittently originate unde
the drifting continents and/or the supercontinent. Results suggest that subducting cold plates along continental margins gener:
thermal heterogeneity with short-wavelength structures, which is consistent with the thermal heterogeneity in present-day mantl
convection inferred from seismic tomography models.

References:

[1] Yoshida, M. Mantle temperature under drifting deformable continents during the supercontinent cycle, Geophys. Res. Lett.
doi:10.1029/2012GL054915, 2013, in press.

[2] Yoshida, M. and M. Santosh, Mantle convection modeling of the supercontinent cycle: Introversion, extroversion, or a
combination?, 2013, submitted.
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Geochemistry of the Paleoproterozoic Nsuta Mn deposit of Ghana: Implication to the at-

mosphere and ocean redox state
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The oxygenation of atmosphere and oceans has influenced the evolution of ocean chemistry and diversification of early life. /
number of large manganese (Mn) deposits are recognized in the Paleoproterozoic sedimentary successions which were deposi
during and after the Great Oxidation Event (Roy, 1997). As Mn has a high redox potential ("+0.5 V at pH 6-7: Brookins, 1988),
the occurrence of large Mn deposits has been proposed as evidence for highly oxidized environment during the Paleoproterozc
(Kirschvink et al., 2000), although the genesis and its origin of each Mn deposit remain controversial.

In this study, we focus on the Nsuta deposit in the Birimian Supergroup, Ghana, which is one of the largest Mn deposit dur-
ing the Paleoproterozoic. The Nsuta deposit is mainly composed of Mn-rich carbonates intercalated in metasedimentary rock
Based on the mineralogical and geochemical investigations, Mucke et al. (1999) argued that the Mn carbonates were the prima
minerals and precipitated under reducing condition, whereas Melcher et al. (1995) proposed the presence of Mn-oxide minera
during the deposition. More geochemical data would help to improve our understanding of the genesis of the Nsuta Mn deposi
and its relations to the atmosphere and ocean redox history.

Here we investigate geochemical compositions, such as Re-Os isotope and whole rock REE compositions, of Mn ore and ho
sedimentary rock samples collected from the Nsuta deposit. The composite Re-Os isochron of the Mn ore and the sedimenta
rock samples yields a Re-Os age of 2149 +/- 130 Ma with an initial 1870s/1880s ratio 0.23 +/- 0.09. The obtained Re-Os age i
consistent with a possible depositional age of the sedimentary rocks ("2.2 Ga) constrained from the U-Pb zircon age of volcani
rocks (Hirdes and Davis, 1998). This result, therefore, indicates that the Re-Os system of our analyzed samples suffered very litt
disturbance or overprinting by later metamorphic and alteration events, and the timing of Mn deposition was almost equivalen
to that of the host sedimentary rock. The PAAS-normalized REE pattern of the Mn ore samples displays positive Ce anomaly
suggesting that Ce(lll) was oxidized by Mn(lV) during ore formation (Takahashi et al., 2005). Based on these results, togethel
with previous geochemical data, we concluded that Mn was precipitated as Mn(lV), possibly as Mn oxide, and Mn(IV) was
diagenetically transformed into Mn carbonates. Our findings, therefore, suggest that the prevalence of highly oxidized marint
condition during the deposition of the Nsuta Mn deposit, supporting the irreversible oxidation of Earth’s surface after the Great
Oxidation Event ("2.3 Ga; Bekker et al., 2004).
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Alkaline hydrothermal system: High phosphate-bearing hydrothermal fluid and seawate

in the early earth
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The earth is the unique planet which large population of organisms inhabits. There are some requirements for the emergent
of the life. The most important, and popular requirement is presence of liquid water on the earth, so-called a habitable plane
But, enrichment in bioessential elements is also important because they are demanded for the metabolic activity. In addition,
is required that the elements are continuously supplied to biosphere through the elemental cycle. Especially, phosphate is o
of the most important nutrients because the DNA and RNA contain large amounts of phosphorus contents. Recently, terrestria
anoxic geothermal fields are proposed as a candidate for a geologic place of the first organism because the hydrothermal flui
contain much phosphate and possibly potassium (Mulkidjanian et al., 2012, PNAS). On the other hand, it is often pointec
out that low phosphate contents in ocean floor hydrothermal fluid, even compared with modern phosphate-poor seawater,
unfavorable to emergence of life. Kakegawa et al. (2002) proposed that the input flux of phosphorous in pre-biotic oceans wa
probably dominated by submarine hydrothermal activities associated with carbonatized oceanic crusts. Recently, Shibuya et ¢
(2010) proposed alkaline hydrothermal systems were common even in the basaltic ocean floor in the early earth because high
CO, content of seawater or hydrothermal fluid promoted formation of carbonates but inhibited mafic minerals such as chlorite
and amphibolite. In addition, the thermodynamic calculations of phase equilibria also predict a generatiog-riél5iBe-
poor hydrothermal fluids in the Archean subseafloor hydrothermal system. This work presents comparison of major elemer
compositions between non-altered and altered Archean basalts in an accretionary complex, Pilbara Craton, and proposes tl
high CO, content of seawater yielded hydrothermal fluid with high phosphate contents and possibly high potassium contents ir
the early earth.

We compared among major element compositions of modern altered and non-altered MORB (Alt & Honnorez, 1984, CMP),
and Archean altered and non-altered MORB each other (Nakamura & Kato, 2004, GCA). Present-day hydrothermal alteratiol
increased phosphorus contents relative to titanium contents in the altered basalts so that altered MORBs commonly contain ov
four times higher phosphorus contents than the fresh equivalents. On the other hand, the Archean altered basalts contain relativ
lower phosphorus contents than the fresh equivalents. The different behavior of phosphate during the hydrothermal alteration «
basalts suggests higher phosphate contents in the Archean hydrothermal fluids. Generally speaking, precipitation of carbone
and phosphate minerals is mutually exclusive. Increase in pH enhances precipitation of carbonate minerals so that it promote
dissolution of phosphate as well as silica. The dissolution of phosphate leads to higher phosphate-bearing hydrothermal flui
as well as higher Si@bearing hydrothermal fluid due to the dissolution of silica. The Archean altered basalts contain high
potassium contents compared with the non-altered equivalents but the enrichment factor of potassium contents between t
altered and non-altered basalt is lower than that of the modern equivalent, suggesting the Archean hydrothermal fluid containe
higher potassium content than the modern equivalents. Alternatively, the altered MORB due to silicification or hydrothermal
alteration under the high GCcondition exclusively contained more,R than NaO contents, suggesting that hydrothermal
fluid from the altered MORB contains extremely high@® contents and KO/Na&O ratios in the early earth than the modern
equivalents. The possibility that the Archean hydrothermal fluid contained more phosphate and potassium favors a model th:
hydrothermal system was a cradle of life in the early earth.
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Transition from phosphate to nitrate-rich seawater in the Ediacaran: Implication for diver-
sification of mobile metazoans

oo ot
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The period from the Ediacaran to Cambrian is one of the most exciting periods when Metazoa first appeared and quickly
evolved. The origin and early evolution of Metazoa are very mysterious because the event suddenly happened after very lon
time, >2000 m.y. since the emergence of eukaryotes, and because emergence of new phylum is limited to this period (Cambria
explosion). Previous works combined two biological evolutions of emergence and diversification, and investigated its cause. A
aresult, it is suggested that increase of oxygen contents caused the origin and diversification of the Metazoa. This work presen
environmental changes from the Ediacaran to Cambrian based on geochemistry of drill core samples in Three Gorges area, Sol
China, and proposes that two distinct geochemical conditions between the Ediacaran and Cambrian oceans contributed to t
emergence and diversification, respectively.

We conducted twenty-four drillings in South China. The drilling sites include shallow marine and deep, slope facies, fossil-
iferous and fossil-poor areas, respectively. The drilling covers from the Neoproterozoic to the boundary between the Early an
Middle Cambrian. We systematically made chemostratigraphies of C, O, Sr and Ca isotopes and Fe, Mn, REE and P conten
of carbonates, and nitrogen isotopes of organic matters to estimate primary productivity, continental weathering influx, nutrient
contents of iron, phosphorus, nitrate and Ca and redox condition of seawater.

Sr isotopes display positive excursions around 580, 570-550 and 540 Ma, and indicating high continental influxes. In-situ
analyses of phosphorus contents of carbonate minerals shows that the phosphorus contents were very high until ca. 550 Ma, &
then decreased, suggesting that the seawater was enriched in phosphate until the late Ediacaran. High nitrogen isotope value:
organic matter and Ca isotope values of carbonate rocks indicate that seawater was depleted in nitrate and Ca contents until
550 Ma, and then increased. Fe and Mn contents and REE patterns of carbonate rocks indicate that seawater became more ¢
since ca. 550 Ma. In addition, the high iron contents in the Ediacaran indicate high iron contents of seawater in the Ediacarar
and decrease in the iron contents in the late Ediacaran suggests decrease of iron contents of seawater due to oxidation.

The geochemical evidence indicates that the emergence of Metazoan in the Early Ediacaran was caused under the relatively l¢
oxic and phosphate-rich condition, whereas their diversification occurred under oxic, nitrate and Ca-rich condition. The distinct
environmental conditions possibly played important role on the biological evolution. The high phosphate ocean favors increasing
total DNA contents in the ocean through expansion of biomass of nitrogen-fixation organisms under the suboxic condition. The
enhancement of the nitrogen-fixation activity led to increasip@@ nitrate contents of seawater. Increase in nitrate content of
the seawater changes N/P ratios of organisms, so-called the Redfield ratio, and results in their higher N/P ratios. Assimilation c
organisms with the high N/P-ratios favors mobile animals as well as highcp@tents of seawater. In summary, the transition
from phosphate to nitrate-rich seawater possibly increased the Redfield ratio (the N/P ratio), and contributed to diversification o
more actively mobile metazoans.
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U-Pb zircon dating of Creaverville Formation, Pilbara, Australia
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The Cleaverville Group of the coastal Pilbara terrane, Western Australia, is one of the most complete sections of a submarin
sequence. The Creaverville group is composed of five formations, i.e. the Lagoon, Lagoon Pillow Basalt, Dixon Island, Dixon
Pillow Basalt and Snapper Beach (Cleaverville) formations. The age of rhyolite tuff in the middle of Dixon Island Formation is
3195 Ma. On the basis of the presence of cyclic, bimodal volcanic sedimentary sequence and the absence of detrital material, tl
Cleaverville Group is identified as the oceanic seafloor of an immature island arc.

| collected felsic tuff in the Beded Chert-Tuff Member of the Snapper Beach Formation in western portion of Cleavervile
Beach. Sample preparation was conducted in the Kyushu University and The National Museum of Nature and Science. Zirco
grains size is about 70-100 nm. The grains were grouped euhedral crystals and rounded shapes. The internal zoning patte!
which mean affected by metamict of the zircons were observed by Backscatter Electron (BSE) SEM. Samples were dated b
SHRIMP at The National Institute of Polar Research.

The Totall of 46 analyses were obtained. In these zircons, 19 grains had concordant ages. The 9 ages were concentrat
around 3100 Ma and the other ages were between 3200-3700 Ma.

From the analyzed above, | interpreted as the deposition age 3108 (+14/-7) Ma of the tuff from the youngest 9 zircons. Thes
concordant old (3200-3700 Ma) age zircons had a characteristic round shape shown in the BSE images, and that indicates th
reworked.
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Reconstruction of organic matter? iron rich sedimentary sequence of 3.2 Ga Mapepe Fo

mation, Fig Tree Group, Barberton G
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The Mapepe Formation, Fig Tree Group in the Barberton Greenstone belt (Lowe et al, 1999) is situated above deep volcanicla
tic sequence. Komati section is well preserved and continuous outcrop along the Komati river side. In this study, we reconstruc
the sedimentary environment from description of detail lithology, stratigraph, magnetic susceptibility and stable carbon isotope
ratio.

The Komati section, the total 130m thickness is divided into 6 blocks bounded by layer parallel fault zones. Based on the grad
ing structure in each bed, these blocks recognized stratigraphic continuous sequence. We identified following four rock types i
this section. 1) White chart: consists of very fine chart and the structure is massive. 2) Red chart: It divides into laminated type
bedded chart with red color and white-red type, chart that changes its color from white to red with sharp boundary and partly
with lenticular structure. 3) Black shale: It consists of clay-silt sized detrital quarts and clay minerals. It divides into laminated
type, which has 100-300micron band made from silt size quarts grain and massive type, with no lamina. 4) Red-brown (ferrug
inous) shale. This area was affected green schist facies metamorphism (Hofmann, 2004). In this way, most black shale contai
metamorphofic chloritoid minerals. Each rock, however, still well preserved sedimentary structure and detrital grain.

The Komati section divides into 3 members, lower member (49m), middle member (48m), upper member (31m). The lower
member contains alternated white chart and black and red-brown shale. The ratio of stratified red chart is increasing to the to
The middle member alternated 3cm white chart and 5cm black and red-brown shale in the lower part of middle member. The
ratio of stratified red chart is increasing to the top. The upper member formed 3m banded iron formation in uppermost part. Ir
the upper member, the thickness of black shale is around 20cm.

The lamina consisted with 30micron-50micron sized detrital quartz of black shale is increasing from bottom to the top of
Komati section. The area ratio of detrital quartz grain measured from thin section is stable at 15.6% on average in lower membe
increasing smoothly from 15.6% to 31.5% in middle member and stable at 36.2% on average in the upper member.

We measured magnetic susceptibility whole stratigraphic vertical section at 3cm intervals. It is only red chart that the value is
higher than 10x10-3. Some of laminated red chart is higher than 100x10-3 located 17.7m of lower member and 45m of middle
member. The mag-sus of red brown shale in middle member is increasing to the top from 0.36x10-3 to 1.00x10-3 on average.

The total organic carbon content of black shale from all units is ranging between 0.10wt.% and 8.96wt.%, with an average of
1.73wt.% (n=211). In each member, these are 1.64 wt.%, 3.37 wt.% and 0.90wt.% on average. Along stratigraph, the deltal3Co
value has vertical movement the range is 5permill per 5m. The 13C is depleted to the top, the deltal3Corg value in each memb
are -25.6permill, -26.7permill and -30.4permill on average. There are some exceptional very deplete one at lower member an
upper member (ex. 11m of upper member, -38.9permill).

(Summary) The environment of Komati section might be anaerobic environment where organic carbon rich shale and char
precipitated. The increasing of quarts grain lamina implies that the effect from landward input increasing to the top. Stable car
bon isotope composition suggests that cyanobacteria might be the origin of organic matter. Some lighter deltal3Corg value i
the black shale indicates methanogen activity at organic rich ocean sedimentary sequence. The rich organic matter may lead t
following iron precipitation. In this study, it suggest that the ocean floor environment of middle Archean is anaerobic and there
is alternated precipitation of organic matter and silica, the precipitation of iron is smoothly increasing.
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