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Air density 2.7 billion years ago limited to less than
twice modern levels by fossil raindrop imprints
Sanjoy M. Som1,2{, David C. Catling1, Jelte P. Harnmeijer1,3, Peter M. Polivka1,4 & Roger Buick1

According to the ‘Faint Young Sun’ paradox, during the late
Archaean eon a Sun approximately 20% dimmer warmed the early
Earth such that it had liquid water and a clement climate1.
Explanations for this phenomenon have invoked a denser atmosphere that provided warmth by nitrogen pressure broadening1 or
enhanced greenhouse gas concentrations2. Such solutions are
allowed by geochemical studies and numerical investigations that
place approximate concentration limits on Archaean atmospheric
gases, including methane, carbon dioxide and oxygen2–7. But no field
data constraining ground-level air density and barometric pressure
have been reported, leaving the plausibility of these various hypotheses in doubt. Here we show that raindrop imprints in tuffs of the
Ventersdorp Supergroup, South Africa, constrain surface air density
2.7 billion years ago to less than twice modern levels. We interpret
the raindrop fossils using experiments in which water droplets of
known size fall at terminal velocity into fresh and weathered volcanic
ash, thus defining a relationship between imprint size and raindrop
impact momentum. Fragmentation following raindrop flattening
limits raindrop size to a maximum value independent of air density,
whereas raindrop terminal velocity varies as the inverse of the square
root of air density. If the Archaean raindrops reached the modern
maximum measured size, air density must have been less than
2.3 kg m23, compared to today’s 1.2 kg m23, but because such drops
rarely occur, air density was more probably below 1.3 kg m23. The
upper estimate for air density renders the pressure broadening
explanation1 possible, but it is improbable under the likely lower
estimates. Our results also disallow the extreme CO2 levels required
for hot Archaean climates8.
Numerical investigations of Archaean atmospheric composition2–6
typically assume a modern, total atmospheric pressure of about one
atmosphere (1 atm), but there are good reasons why barometric pressure
may have been different. First, the partial pressure of oxygen pO2 was
negligible before the Great Oxidation Event at around 2.35 billion years
ago9. There are several independent lines of evidence for this10, the
strongest being widespread and large mass-independent fractionations
of sulphur isotopes in Archaean sediments that arise only in an atmosphere with less than about one part oxygen per million by volume
(p.p.m.v.)11. Second, before the advent of an aerobic nitrogen cycle
coincident with rising oxygen levels12, the flux of nitrogen back to
the atmosphere via the now-dominant nitrification–denitrification
pathway would have been different from now. So a lack of oxygen
before the Great Oxidation Event should have affected the partial
pressure of nitrogen pN2 , the major gas contributing to total atmospheric pressure. Moreover, it has been calculated that a pN2 of
2.37 atm at 2.5 billion years ago could solve the ‘Faint Young Sun’
paradox by pressure-broadening infrared absorption of greenhouse
gases1. Other studies postulate a hot (,70 uC) Archaean ocean based
on oxygen isotopes in cherts13, requiring a partial pressure of carbon
dioxide pCO2 of about 2–6 bar (ref. 8), which would contradict the pCO2
levels of only 10–50 present atmospheric levels (PAL) constrained

from 2.69-billion-year-old palaeosols7. Such ambiguities concerning
the composition of the ancient atmosphere could be resolved, or
improved upon, by knowledge of total atmospheric pressure. Here,
we use raindrop imprints to constrain total ground-level atmospheric
density (and thus total surface pressure) 2.7 billion years before present. The idea of using raindrop imprints as a proxy for air density was
suggested by Lyell14 in 1851 but has hitherto been unexplored.
On the ancient Earth, maximum raindrop diameters should have
been essentially identical to today’s, because the maximum size beyond
which raindrops disintegrate at terminal velocity is independent of air
density. Falling raindrops flatten15,16 and fragment when the total
aerodynamic forces exceed the combination of surface tension and
hydrostatic forces17. Fragmentation begins when the raindrop bottom
becomes flat at a force balance given by17:
8c
2
Vterm
d~
ð1Þ
rair nCd
where Vterm is terminal velocity, d is the diameter of a sphere equivalent to the drop volume, c is surface tension, rair is air density, Cd is the
drag coefficient, and n is a factor relating the radius of the upper
curvature of the drop to its spherical equivalent radius. Theory relates
terminal velocity to raindrop size18,19 and predicts 9.3 m s21 for a raindrop of 6.8 mm in diameter, the largest measured raindrop at ground
level20. Typical values under standard surface atmospheric conditions
(c 5 7 3 1022 N m21 and rair 5 1.2 kg m23) yield a constant value of
0.80 for nCd in equation (1), comparing favourably with nCd 5 0.85
from independent studies17 and consistent with observations that the
product Vterm2d is constant21,22.
A further relationship derived from empirical correlations exists
between air density and maximal terminal velocity18,23,24:


rwater gc 0:25 a known constant
Vterm,max ~ 2
<
ð2Þ
r2air
r0:5
air
where g is gravitational acceleration and rwater is the density of water.
Equation (2) also gives a maximum terminal velocity of 9.3 m s21, which
corresponds to the largest raindrops of 6.8 mm in diameter. Substitution
of Vterm / rair21/2 from equation (2) into d / (V2termrair)21 from
equation (1) cancels out rair, showing that maximum raindrop size is
independent of air density. Drop equivalent diameter d is thus simply a
function of surface tension c. The slight increase of surface tension with
temperature causes only a trivial terminal velocity change of 0.05 m s21
over 15–30 uC, meaning that somewhat different Archaean temperatures
would not affect our conclusions. Consequently, an upper bound on air
density can be derived from the largest raindrop imprints, formed by the
transfer of momentum from the largest impacting raindrops to the
substrate.
The Archaean imprints studied here (Fig. 1 and Supplementary
Information) are from the Omdraaivlei farm near Prieska, South
Africa, in the Kameeldoorns Formation of the Platberg Group, the
middle unit of the 2.7-billion-year-old Ventersdorp Supergroup25
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Figure 1 | The 2.7-billion-year-old Ventersdorp Supergroup raindrop
imprints lithified in tuff at Omdraaivlei, South Africa. a, Detail of slightly
elliptical outlines of raindrop imprints. b, Cross-section photograph of
imprints penetrating 1–2 mm into coarse accretionary lapilli tuff, and draped

with a thin veneer (about 0.5 mm) of light-toned, fine volcanic ash. Scale bar,
10 mm. c, Mildly increased imprint density on the windward (north-facing)
faces of underlying symmetrical wave-ripples. (Photo credits: W. Altermann
for a and c, and T. Tobin for b).

(Supplementary Fig. 2). They penetrate into very poorly sorted fine tuff
of intermediate igneous composition. A layer of pale, very fine volcanic
ash 0.5–0.8 mm thick drapes the imprints (Fig. 1b and Supplementary
Information), which reduces the diameter of the exposed imprints
relative to their original diameter by about twice the drape thickness.
The rimmed craters are well preserved, slightly elliptical in shape and
occasionally overlap, suggesting that the rain event that formed them
was of short duration and of light to moderate intensity, because highintensity rainfall leads to distorted imprints and long-duration showers
cause substantial overlap26.They were probably formed in an inland
semi-arid setting near sea level (Supplementary Information).
The dominant contributor to imprint size is the change in raindrop
momentum during impact27. We define a dimensionless momentum J
as:

eruption in Iceland, and the other was weathered late Pleistocene
Pahala ash from Hawaii28. Both were from mafic to intermediate hydrovolcanic eruptions with similar grain-size distributions to the ash hosting the Archaean raindrop imprints. The relationship between air
density and dimensionless momentum was obtained by extrapolating
from previous work relating air density to terminal velocity18 (Supplementary Information).
The actual raindrop diameter that formed the largest imprints
found at Omdraaivlei is unknown. Smaller imprint area reflects lower
raindrop velocity and thus higher air density. Figure 4 illustrates the
expected atmospheric density when the raindrop size that caused the
largest Omdraaivlei imprint is varied. To calculate an atmospheric
density upper bound, we use the lower bound on the largest raindrop
imprint area, because smaller imprint areas reflect lower raindrop
terminal velocities and hence higher air density. The largest imprint
area is bounded by Alatex 2 1s and Ain situ 1 1s, where Ain situ is the
mean maximum imprint area measured in the field, and Alatex is the
mean maximum imprint area measured from the latex peels
(Supplementary Information). Finding the corresponding air density
for these end-member dimensions for a fixed raindrop size defines the
error in air density. The air density upper bound is calculated as
Alatex 2 1s. Using a drop diameter of 6.8 mm—the size of the largest
raindrop ever measured at ground level20 and also the theoretical
maximum size—we obtain an absolute upper limit of less than 2.3 kg
m23. However, because rainfall events producing these maximal drops
are extremely rare, very intense, and highly erosive26, it is more likely
that the maximum raindrop size responsible for creating the Archaean
imprints had an equivalent diameter of 3.8–5.3 mm, depending upon
the choice of parameterization of the raindrop size distribution and
assuming that the probability distribution functions for rainfall rates in
inland semi-arid settings were similar on the Archaean Earth and the
modern Earth. These dimensions correspond to a more likely upper
limit for atmospheric density of 0.6–1.3 kg m23.
Estimates of atmospheric pressure from the ideal gas law P 5 rairRT
require assumptions about air temperature T and, through the specific
gas constant R, atmospheric composition. Regarding temperature
2.7 6 0.1 billion years ago, no evidence of glaciation is present in the
rock record. This may reflect lack of preservation, but if it is real, an
absence of glaciation requires average temperatures to have been 20 uC
or higher, according to data from non-glacial times in the Phanerozoic
eon29. This is also consistent with Archaean temperatures of less than
40 uC based on oxygen isotope systematics30. Taking a nominal temperature of about 20 uC, we calculated an upper limit on atmospheric
pressure by choosing a composition that maximizes R. A 100% N2
atmosphere (R 5 297 J kg21 K21, versus R 5 253 J kg21 K21 for a
70% N2130% CO2 atmosphere) constrains atmospheric pressure 2.7
billion years ago to below 0.52–1.1 atm if we take rair as less than 0.6–
1.3 kg m23 or an absolute upper limit of less than 2.1 atm if we take
rair 5 2.3 kg m23.

J~

Vterm md
gAd

ð3Þ

where md is the mass of the raindrop, g is the dynamic viscosity
(independent of rair), and Ad is the cross-sectional area of the falling
drop. Obtaining atmospheric density from lithified raindrop imprints
requires: (1) measuring raindrop imprint areas; (2) determining
experimentally how J varies with imprint area by varying d and thus
md in equation (3) (Fig. 2); and (3) relating atmospheric density to J
(Fig. 3). Archaean imprints were measured in the field, and subsequently re-measured by high-resolution three-dimensional laser
scanning of latex peels taken in situ. The relationship between drop
impact momentum and corresponding imprint area was obtained
from experiments in which we released water drops of known mass
from an indoor height sufficient to guarantee that they reached terminal velocity onto ash substrates analogous to the Archaean tuff. One
of the experimental ashes was fresh from the 2010 Eyjafjallajökull
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Figure 2 | Experimental relationship between raindrop area and
dimensionless momentum. The horizontal error bars are the uncertainty of
raindrop mass propagated to dimensionless momentum; the vertical error bars
express the corresponding standard deviation of crater dimensions.
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Figure 3 | Theoretical predictions of the variation of air density with
terminal velocity and dimensionless momentum at the surface. a, The
relationship between air density and terminal velocity, following the method of

ref. 18. b, The relationship between air density and dimensionless momentum
(see Supplementary Information).

Our result extends quantifiable atmospheric pressure determinations beyond the modern era to the early Earth. It places constraints
on some Archaean climate models1,13, but does not invalidate other
proposed late-Archaean atmospheres2–6. For models invoking high pN2
as a means of pressure-broadening greenhouse gas absorption1, only
the lowest estimate of 1.58 atm is close to our findings, suggesting a
nitrogen content in the late-Archaean atmosphere of no more than
twice present levels. Our result rules out very high Archaean ocean
temperatures of 70 uC–85 uC (refs 13 and 31), because these would
necessitate about 2–6 bar of carbon dioxide8 plus 0.3–0.6 bar of water
vapour, increasing barometric pressure far beyond the upper limit
found here. Thus, neither strong pressure-broadening nor extreme
pCO2 are satisfactory mechanisms for warming the early Earth illuminated by a ‘Faint Young Sun’.
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3.5

Atmospheric density (kg m–3)

3

Latex measurements
1σ
Field measurements
1σ

2.5
2
1.5
1
0.5
0
1

2

3

Probable Low-probability
upper-limit
zone
zone
5
4
7
6

Raindrop maximum diameter (mm)

Figure 4 | Atmospheric density given the maximum raindrop diameter that
created the largest imprints at Omdraaivlei, South Africa. Squares represent
the air density calculated from the maximum imprint areas measured in situ
(ash drape removed). Circles represent the air density calculated from the
maximum imprint areas from latex measurement of imprint areas (ash drape
removed). Dashed lines represent 1s error. With the assumption that the
rainfall rate probability distribution function responsible for the Archaean
imprints is analogous to a modern, semi-arid, rainfall rate probability
distribution function, there is a 78–99% probability that the maximum
raindrop diameter was less than 3.8–5.3 mm (Supplementary Fig. 5,
Supplementary Table 1, and Supplementary Information).

We measured the Ventersdorp raindrop imprints directly in the field and by
casting them using low-viscosity latex for later laboratory study. The resulting
latex peels captured the dimensions of 955 individual raindrop imprints. The
topography of the peels was measured using high-resolution three-dimensional
laser scanning. The corresponding point-clouds (available at http://gis.ess.
washington.edu/papers/Sanjoy_Som_raindrops/) were interpolated using an
inverse data-weighing scheme to create a digital elevation model. The digital
elevation models were imported into a Geographical Information System and
the dimensions of the imprints extracted. The dimensions were optimally binned,
with the largest bin corresponding to the measurement of the largest imprints, and
the dimension of each bin reflecting error in measurement.
To find the relationship between raindrop imprint dimension and dimensionless momentum, we released droplets of different (known) mass from a height of
27 m indoors onto analogous ash taken from Iceland and Hawaii. This height is
more than double that required for all drops to reach terminal velocity. We could
calculate the dimensionless momentum of all impacting raindrops because terminal velocity is predictable. The resulting imprinted ash substrates were lithified
using hair spray and low-viscosity liquid urethane plastic. The dimensions were
measured using the same laser scanner as that used for the latex peels. Each
imprinted tray captured a dozen imprints originating from raindrops of the same
mass, from which a mean and standard deviation were obtained.
We followed published methods19 to predict theoretically from first principles
how raindrop terminal velocity changes with air density, and thus how dimensionless momentum changes with air density. Given the measurement of the largest
Ventersdorp imprint, we obtained the corresponding dimensionless momentum
of the impacting drop using our experimental relationship. By assuming the
dimension of the raindrop responsible for the largest imprint (bounded by the
maximum diameter of 6.8 mm), we quantified atmospheric density (Supplementary Information).
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Figure S3: Histograms of the 955 imprints measured from latex peels. a) imprint volume,
b) imprint area. The bin width for each histogram was calculated using the method of
Scott41 (Supplementary Information). The rightmost bin in each histogram identifies the
largest imprint volume and area respectively. They are not necessarily correlated with the
same physical imprint. The bin width is the measurement error.
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Figure S4. Modern raindrop cumulative size distribution function according to Willis and
Tattelman20. Rainfall rates are R1 = 0.1 mm hr-1, R2 = 1 mm hr-1, R3 = 10 mm hr-1, and
R4 = 100 mm hr-1. Inset represents the same data enlarged to reveal the tail of the
distributions, showing that the largest 0.2% of raindrops are >3.8 mm in diameter for
rainfall rate R4.
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Figure S5: Grain size analysis of the ash used as substrate in the experimental
investigation. a) Eyjafjallajökull ash; b) Pahala ash.
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Table S1: Dimension threshold for 0.2% of raindrop diameters obtained using different
raindrop size distribution parameterizations at a rainfall rate of 100 mm hr-1. The air
density corresponding to the raindrop diameter threshold is determined from Fig. 4 and is
an upper limit, given than rainfall rates are more likely to be less than 100 mm hr-1 in
semi-arid locations.
Reference for raindrop size

raindrop diameter threshold

Corresponding Archaean air

distribution function

at 0.2% by number of the

density constraint

drop size distribution
Willis and Tattelman20

3.8 mm

≤0.6 kg m-3

Marshall and Palmer44

4.0 mm

≤0.7 kg m-3

Ochou et al.45 (Dakar)

5.1 mm

≤1.2 kg m-3

Ochou et al.45 (Niamey)

5.3 mm

≤1.3 kg m-3
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Table S2: Major element composition of the experimental ash substrates and Ventersdorp
tuff obtained by X-ray Fluorescence, and normalized on a volatile-free basis with total Fe
expressed as FeO. LOI is “Loss on Ignition:”

Major Elements
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2 O
P2 O5
Total
LOI (%)
Cl ≥

Eyjafjallajökull ash
(Normalized weight
%)
58.49
1.479
14.88
8.76
0.208
3.48
5.09
5.29
2.05
0.266
100.00
-0.25
0.12

Pahala ash
(Normalized weight
%)
46.56
2.322
12.09
13.60
0.241
16.00
6.07
2.38
0.44
0.291
100.00
8.00
0.44

Ventersdorp tuff
(Normalized weight
%)
52.02
1.766
15.46
13.61
0.186
7.28
6.38
2.78
0.27
0.247
100.00
7.97
0.01
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Table S3: Trace element composition of the experimental ash substrates and Ventersdorp
tuff obtained by X-ray Fluorescence.

Trace elements
Ni
Cr
Sc
V
Ba
Rb
Sr
Zr
Y
Nb
Ga
Cu
Zn
Pb
La
Ce
Th
Nd
U
Sum tr.
In %

Eyjafjallajökull ash
(Unnormalized
[ppm])
69
101
15
105
440
45
282
552
67
65.7
28
31
155
5
56
118
5
59
2
2201
0.22

Pahala ash
(Unnormalized
[ppm])
680
920
28
203
106
7
211
117
20
11.9
17
73
122
2
9
29
0
15
1
2572
0.26

Ventersdorp tuff
(Unnormalized
[ppm])
111
216
33
233
505
6
82
138
37
7.3
19
342
181
55
13
27
1
16
0
2021
0.20
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Table S4: Constants used in Eq. 4 to determine air density from dimensionless
momentum for falling drops of different diameter d.

d = 1 mm

d = 2 mm

d = 3 mm

d = 4 mm

C1 = -0.1558
C2 = +1.0500
C3 = +9.5627

C1 = -0.1241
C2 = +0.8696
C3 = +9.9444

C1 = -0.0900
C2 = +0.2520
C3 = +13.5852

C1 = -0.0695
C2 = -0.1765
C3 = +16.4312

d = 5 mm

d = 6 mm

d = 6.8 mm

d = 7 mm

C1 = -0.0570
C2 = -0.4533
C3 = +18.4177

C1 = -0.0475
C2 = -0.6755
C3 = +20.0701

C1 = -0.0413
C2 = -0.8262
C3 = +21.2326

C1 = -0.0406
C2 = -0.8408
C3 = +21.3530
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