sion line and nonlinear dependence of the intensity are clearly
observed up to a current of about 880 mA, where laser threshold is
reached. Lasing takes place at ~4.4 THz, on the high-energy side of
the luminescence line, probably owing to the reduced waveguide
losses at shorter wavelengths. Single-mode emission is obtained,
which is probably a consequence of the relatively narrow gain
spectrum and the wide Fabry—Perot mode spacing. A high-resol-
ution laser spectrum is shown in the inset; the measured linewidth is
limited by the resolution of the spectrometer (3.75 GHz).

Figure 4 shows the light—current (L-I) and voltage—current (V-I)
characteristics of a representative device. At a heat-sink temperature
of 8K, the output peak power is estimated to be more than 2 mW,
with a threshold current density of 290 Acm 2. The latter is a very
small value for quantum-cascade lasers and allows operation at high
duty cycles (up to 10%) even in this large device. We expect that
narrower stripes and appropriate changes in sample processing
would readily lead to continuous-wave operation. The initial high
resistivity in the VI characteristics stems from misalignment of the
sub-bands at low field; at higher fields, the injector miniband lines
up with the second miniband of the following stage and carrier
injection into the upper laser level takes place. The electric field at
threshold is 7.5kV cm ™. This is larger than the design value of
3.5kVcm, probably as a result of the non-negligible contact
resistance. As expected, a negative differential resistance feature
was observed at about 850 A cm ™.

These experimental results match well the theoretical predictions
of Fig. 1b. The V-I curve has all the distinctive qualitative features
and the measured current densities are of the same order of the
computed ones, showing that even at these small energies carrier
relaxation and transport are dominated by electron-LO phonon
and electron—electron scattering. The discrepancy is a factor of
about 1.5, possibly related to acoustic phonon or impurity scatter-
ing or to a lower than specified free-carrier density in the sample. In
fact, the simulation indicates that a reduction in the doping density
of the injectors by 25% would lead to a reduction in current density
of 35%. From the theoretical values of population inversion and
confinement factor, we calculate a maximum modal gain of 23 cm ™"
(ref. 18). This value compares well with the estimated cavity losses
aw +ay = (16 +4)cm™ =20cm ™!, ay being the mirror out-
coupling of the 3.1-mm-long stripe. This consistency is confirmed
by the experimental observation that laser stripes shorter than
1 mm, with corresponding larger mirror losses, do not reach laser
threshold.

We believe that improved design of the active region of our device
(in particular aiming at the reduction of thermal backfilling),
together with optimized fabrication (junction-down mounting,
facet coating, lateral overgrowth), would rapidly lead to continu-
ous-wave emission and to operation at liquid-nitrogen tempera-
tures. The present demonstration of a terahertz quantum-cascade
laser, operating below the LO phonon band, represents a first step
towards the development of widely usable terahertz photonics. [
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Ocean productivity before abhout
1.9 Gyr ago limited by phosphorus
adsorption onto iron oxides
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After the evolution of oxygen-producing cyanobacteria at some
time before 2.7 billion years ago', oxygen production on Earth is
thought to have depended on the availability of nutrients in the
oceans, such as phosphorus (in the form of orthophosphate). In
the modern oceans, a significant removal pathway for phos-
phorus occurs by way of its adsorption onto iron oxide depos-
its>*. Such deposits were thought to be more abundant in the past
when, under low sulphate conditions, the formation of large
amounts of iron oxides resulted in the deposition of banded iron
formations*’. Under these circumstances, phosphorus removal
by iron oxide adsorption could have been enhanced. Here we
analyse the phosphorus and iron content of banded iron form-
ations to show that ocean orthophosphate concentrations from

+ Present address: Geological Institute, University of Copenhagen, @ster Voldgade 10, DK-1350
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3.2 to 1.9 billion years ago (during the Archaean and early
Proterozoic eras) were probably only ~10-25% of present-day
concentrations. We suggest therefore that low phosphorus avail-
ability should have significantly reduced rates of photosynthesis
and carbon burial, thereby reducing the long-term oxygen
production on the early Earth—as previously speculated*—and
contributing to the low concentrations of atmospheric oxygen
during the late Archaean and early Proterozoic.

The oxidation of dissolved ferrous iron produces insoluble iron
oxyhydroxides, which strongly adsorb phosphates at pH values of
less than 9 (ref. 6). The extent of phosphorus adsorption can be
expressed as: [P,gs] = Kags[Pal [Fe**], where [P,q] is the concen-
tration (uM) of phosphate adsorbed onto iron oxides, [P4] is the
concentration (pM) of dissolved orthophosphate (PO37) in sol-
ution, [Fe®*] is the concentration (nM) of iron oxide particles, and
Kaas (pM™Y) is the adsorption constant. Particles of iron oxide
formed from Fe" oxidation in submarine hydrothermal systems
adsorb phosphate with a K ., value of 0.07 = 0.01 pM ™" (ref. 7). As
phosphorus adsorbs predictably onto newly formed iron oxide
surfaces, the phosphorus content of ancient sediments rich in
iron oxide indicates, in principle, the phosphorus concentration
of the water from which the oxides formed”.

Here we use the phosphorus and Fe’" content of Archaean and
early Proterozoic banded iron formations (BIFs), and the value for
K45 determined for modern hydrothermal systems’, to estimate the

Archaean | E. Proterozoic

P/Fey (x 109) Fed*/Fey

[Pyl (uM)

Figure 1 Element ratios in BIFs and calculated dissolved phosphate concentrations. Mole
ratios of Fe**/Fey (@) and P/Fey; (b) are from the literature (see Supplementary
Information). ¢, Dissolved phosphate concentrations are calculated from equation (1).
Phosphate loss during early diagenesis can result in up to a factor of two error in P4 (see
textand ref. 11). Standard deviation for each BIF unit is shown as solid error bars. Dashed
error bars indicate that no standard deviation could be calculated from the literature. In
cases where Fe®" content is not available, we use the mean Fe**/Feyy ratio of 0.43.
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[P4] of contemporaneous sea water:
[Pl = (1/Kads)(Pags /Fe™) (1)

The ratio P,gy/Fe’" is directly available, in many instances, from BIF
analyses (Fig. 1). An average Archaean and early Proterozoic
phosphorus concentration of 0.15 = 0.15 uM is calculated (ranging
from 0.03 to 0.29 pM) for the waters where BIFs deposited (Fig. 1).
Generally lower values of [Py] are indicated at 1.9-2.0 Gyr ago,
compared to earlier BIFs.

We have avoided siderite-rich BIFs in the analysis as some contain
unusual *C-depleted carbonates (§'°C < —5%0)*’, indicating the
oxidation of sedimentary organic carbon, possibly by Fe
reduction', and the probable inclusion of original organic P into
the total P pool. This would complicate our calculation. Further-
more, iron oxide (re)crystallization or iron reduction during early
diagenesis could have induced a loss of P from the oxide-rich BIFs.
In modern sediments preserving hydrothermally derived iron
oxides, aloss of up to 50% of the originally adsorbed P is indicated"".
A 50% loss in P4, would mean that our calculated [P4] could be too
low by as much as a factor of two (ref. 11). However, this is probably a
maximum correction, because hydrothermal sediments with higher
iron content, approaching that of BIFs, have experienced ~25%
P loss"'. Acknowledging that further tests of our approach are
required, we conservatively estimate that BIFs deposited in sea
water containing between, on average, 0.15 and 0.6 pM dissolved P.

We note that P retention in sediments under anoxic ocean
conditions in the Archaean and early Proterozoic was probably
different from today. This is indicated by the preservation of Fe
oxides in BIFs, which deposited from anoxic ocean waters contain-
ing dissolved Fe*" (ref. 4). Today, ocean anoxia results in a sulphidic
water column which effectively reacts all of the available reactive Fe
to form Fe sulphide minerals®. Thus, today, anoxia leads to some P
loss from sediments'>™"®, whereas anoxia during BIF deposition
probably led to P retention on Fe oxides, and as ferrous phosphate
minerals when there was Fe reduction in the sediment. The main
difference between now and then was probably low sulphate
concentrations in Archaean and early Proterozoic oceans, signifi-
cantly reducing rates of sulphate reduction’. Even in the modern
world, controlled sediment incubation experiments show that loss
of adsorbed P is minimal under sediment diagenesis with low
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Figure 2 Simplified phosphate and iron cycle model of the Archaean and early
Proterozoic. Dissolved ferrous iron (Fe®*) is oxidized at the base of the oxic mixed layer,
leading to iron oxide burial (Fge,ox = aFrein) and BIFs with adsorbed P (Fp 445). Organic
matter export production (EP) is limited by upwelled P and leads to the burial of organically
derived phosphate (Fp org+cra). FOr simplicity, ferrous iron is assumed to be buried
(Frerea) Without associated phosphate. The total reactive iron input, Frein, is the sum of
iron from land (dissolved+particulate) and hydrothermal iron.
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sulphate concentrations'®. The fact that BIFs are preserved, and
contain phosphate, shows that the usual view of anoxia leading to P
release is probably not valid during the periods in Earth’s history
when BIFs formed.

BIFs deposited in environments ranging from shelf and upper
slope to the abyssal plain'”. The Barberton BIF, associated with, and
probably related to, local volcanism, was deposited at a water depth
of approximately 900 m, the deepest water yet recognized for BIFs'®.
The other generally larger BIFs analysed here, lacking an obvious
local volcanic source, deposited on the outer shelf or slope well
below storm wave influence'. The Fe-oxide-rich facies of the
Kuruman Iron Formation, a reasonable representative of the large
2.6-Gyr and younger BIFs in the data set, was deposited in deeper

10+ -

Fpin (x 1070 mol yr)

Fpin (x 1010 mol yr7)

Figure 3 Modelled mean ocean phosphate concentration [Pg] from equation (4). a, The
standard case with K 545 = 0.07 pLM"; b, The possible case of a 50% P,qs l0ss during
early diagenesis with K .45 = 0.035 le\/I"‘. The [Pg] values (in wM) are shown on the
contours as a function of the fraction () of total iron buried with adsorbed P, and reactive
phosphate input (Fp,i). Very low ocean phosphate concentrations occur if a large fraction
of reactive iron input is buried with adsorbed P. Boxed regions correspond to the
diagnosed Archaean conditions with the pre-industrial range of Fp, (refs 12, 30) and
present F e in (ref. 5). At present P, burial fluxes after early diagenesis are partitioned into:
Fpog = 3.6 X 10" mol Pyr~™", Fpoea = 3.6 X 10" mol Pyr~" and Fp g =

0.7 x 10" mol Pyr— (refs 12, 30). Part of the Fp cea is originally reprecipitated from P
liberated from decaying organic matter as well as P from reduction of iron oxides.
Assuming, conservatively, that ~50% of the CFA burial flux originates from decay of
organic matter, then Fp gg4cra = 5.4 X 10" mol Pyr~". With a burial efficiency v =
1.9 % 1072, the above F p.org+CFA IS reproduced for the present mean ocean P
concentration (2.3 M) and mixing v = 1.26 x 108 lyr='. At present Fp org+Cra IS
associated with an organic carbon burial of ~1 x 10" mol Pyr~" (ref. 23), which gives a
Corg/Porg+CFA ratio of 185.
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water than the contemporaneous siderite-enriched BIF and shales'.
Furthermore, the siderite-enriched BIF formed in water with dis-
solved inorganic carbon highly "*C-depleted compared to surface
ocean water®”. Thus, the siderite-enriched BIF, and by extension
the Fe-oxide-rich facies, deposited well below a pronounced che-
mocline where the accumulation of phosphate should have
accompanied the steep gradients in isotopic composition of dis-
solved inorganic carbon. Therefore, our calculated phosphate
concentrations characterize a region well below the chemocline
and may represent the deep ocean. Phosphate concentrations of
0.15 to 0.6 M are considerably less than the average modern ocean
value of 2.3 pM.

Low phosphate concentrations in the Archaean and early Proter-
ozoic oceans could have arisen from changes in the weathering flux
of dissolved and reactive phosphate (Fp;,) to the ocean and/or
significant changes in the ocean phosphate sinks (Fig. 2). We have
no evidence supporting significantly reduced weathering fluxes of
reactive phosphate. Continents may have reached their present size
early in Earth’s history and the intensity of chemical weathering,
controlled by temperature and soil pH, might have been high in the
Archaean and early Proterozoic. Alternatively, and more probably,
low P concentrations originated from a strong P sink owing to
significant adsorption onto, and removal by, iron oxide particles.

We use a simple ocean model to explore the possible influence of
BIF deposition on ocean P concentrations (Fig. 2). P is delivered to
the oceans from rivers (Fp;,) and is removed by adsorption onto
iron oxides (P,q,) and as organically derived reactive P (Porgicra)s
which includes organic-bound P and P liberated from organic
matter and mainly reprecipitated into carbonate fluorapatite
(CFA) (refs 12, 13). Of the total reactive iron flux (Fg,) to the
ocean’, only a fraction («) is buried as Fe oxides with adsorbed P;
the rest is assumed to be buried as ferrous iron phases to which P
does not adsorb (that is, sulphides and siderite). The burial flux of
adsorbed P is then:

FP@ds = (Kads[PdD(aFFe,in) (2)

The burial flux of Pyeycra (designated as Fporgcra) depends on
[Pq4], the upwelling velocity, u, of deep water supplying P4 to the
euphotic zone, and the relationship, v, between the export of
organic P from the surface ocean and its burial**':

Fp org+cra = y(ulP4l) 3)

At steady state Fp i — (Fporgt-cra + Fpads) = 0, allowing a solution
for [Pyl:

FP,in

Pgl=— b0
[ d] YU + O‘KadsFFe,in

4
Figure 3 shows [Py] contoured as a function of the fraction, o, of
total reactive iron buried with adsorbed P, versus reactive phosphate
input (Fp;,). [P4] increases as Fp;, increases, and decreases with
increasing «. With today’s range in Fp;, (ref. 12) and Fg., (ref. 5)
we find a [Py] similar to that obtained in the above BIF analysis if
approximately half of the reactive iron flux is buried with adsorbed
P (0.4 < a < 0.6). Thus, low values of ocean P4 can be maintained
if about half of Fr.;, is removed as freshly precipitated iron oxides.
Such a high Fe®*/Fe,, ratio is indicated for BIFs®'® (Fig. 1a), and if
this ratio represents the removal of Fg., in general, then the initial
adsorption of P into BIF explains the low [P4] inferred for Archaean
and early Proterozoic sea water.

Low values of ocean [P4] would have probably limited rates of
primary production, and by extension, organic carbon burial, and
the input of oxygen to the atmosphere****’. The relationship
between [P4] and the burial rate of organic carbon (F¢ o) is
given as the product of equation (4) and the ratio of organic carbon
to organically derived P (¢, = Corg/Porgrcra):

FC,org = 'Y(M[Pd])nc:p (5)
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With values of , #and 7 ., comparable to today, a reduction in [Py]
to 10-25% of present-day concentration (as we infer for the late
Archaean and early Proterozoic) implies a 75-90% reduction in the
rate of organic carbon burial. By contrast, if much less Py cra was
buried with organic carbon, as has been argued for modern euxinic
sediments' (see also in ref. 15), then low [P4] would support
substantial organic carbon burial, and oxygen production®. Thus,
with 5, = 1,000, carbon burial would approach modern values™.
However, we believe that such high 5, ratios are probably in-
appropriate for an anoxic Fe-containing Precambrian ocean for two
reasons. First, the high 7, ratios in modern euxinic sediments are
partly a result of P loss>™'* under high sulphate conditions that were
not present during BIF deposition®. Second, even in modern
settings, 1), may be much lower than previously thought'’, with
ratios of 150-200 recently reported from the euxinic, and rapidly
depositing, Saanich Inlet sediments'’. Thus, low [P4] in late
Archaean and early Proterozoic oceans should have resulted in
reduced rates of carbon burial. Higher heat flow and tectonic
activity could have accelerated rates of geochemical cycling includ-
ing rates of all of the processes discussed here, although the
quantitative influence of heat flow on geochemical cycling rates is
poorly known**°.

Previous analysis of the marine isotope record of organic and
inorganic carbon suggests that for the Archaean (>2.5Gyr ago)
around 11% of the total carbon buried in ocean sediments was
removed as organic carbon”. By comparison, today, organic
carbon represents 20% of the total carbon removal”, or a burial
percentage about twice that in the Archaean. Our results are
generally consistent with this, and suggest reduced rates of organic
carbon burial in the late Archaean and early Proterozoic. Further
modelling studies, and a better resolution of the carbon isotope
record, would better help to establish the concordance between our
reconstruction of late Archaean and early Proterozoic nutrient
chemistry and the carbon burial history as revealed from carbon
isotope studies.

In addition to indicating relatively reduced rates of organic
carbon burial in the Archaean, the isotope record of marine
carbonates demonstrates at least one, and perhaps several, very
large positive isotope excursions between 2.4 and 2.0 Gyr ago (refs
20, 27). These excursions indicate large increases in the relative
proportions of organic carbon burial in ocean sediments, and
possibly also indicate increases in the rate of organic carbon
deposition”. Recent compilations of the timing of BIF deposition
indicate a curious lack of BIFs during this same time from 2.4 to
around 2.0 Gyr ago (ref. 28). Furthermore, the isotope record of
sedimentary sulphides* shows the first occurrence of highly **S-
depleted marine sulphides around 2.4 Gyr ago. The sulphur isotope
record indicates an increase in seawater sulphate concentrations to
~1 mM at around 2.4 Gyr ago, and a consequent increase in rates of
sulphate reduction due to more sulphate availability**. We propose
that the burial pulse of organic carbon between 2.4 and 2.0 Gyr ago
could have been driven, at least in part, by the P made available by
increasing rates of sulphate reduction. Therefore, the rise in atmos-
pheric oxygen concentrations®** that apparently accompanied the
burial pulse of organic carbon” could also, in part, have resulted
from a reduction in the Fe oxide sink and a consequently larger
availability of P.

The decline of BIFs between 2.4 and 2.0 Gyr ago (ref. 28) could
have been a logical consequence of the titration of deep-ocean Fe
with sulphide owing to increasing rates of sulphate reduction’. For
some reason not yet clear, BIF deposition, decreased organic carbon
burial, and low P concentrations were reinitiated around 2.0 Gyr
ago, persisting until around 1.8 Gyr ago (Fig. 1). Thereafter, con-
sistent with an earlier proposal®, sulphidic conditions reoccurred.
There is no indication of high burial fluxes of organic carbon after
1.8 Gyr ago, even though the iron oxide sink for phosphorus would
have been substantially reduced under sulphidic ocean conditions.
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Another nutrient may then have limited ocean primary pro-
ductivity®.
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