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Abstract

The interpretation of carbon dioxide traps as due to the “heaviness” of this gas is discussed, with the fact that in spite of water vapour “lightness” in comparison with air, no water vapour trap exists on the cave ceilings... In fact the underground atmospheres with special composition are not due to gravity but to the absence of any air movement around gas sources. 

Introduction

It is well known that the measure of how much common is an idea, does not contain information about its truthfulness. We are going here to discuss a case.

A very common idea between cavers (and not only) is that “heavier” gases tends to accumulate in depression and, especially, in the bottom of caves. It is so widely known that the CO2 accumulates at the bottom of shafts, that so far nobody has discussed this idea. That is trivially false, an underground legend.

Gas densities

A first indication that those who use this idea are simply repeating it, without any reflection, is that they generally say that “the heavier gas accumulates”... Obviously 10 kg of Nitrogen are heavier than 2 kg of carbon dioxide, or even 1 kg of Radon… The carbon dioxide is not heavier than O2 or water vapour, it is denser than those gases. 

Do denser fluids sink in the other? 

In case of liquids the answer is complex, it is necessary to take into account many effects connected with the molecules interactions. The gases behaviour is much simpler than the liquid sedimentation, because the gas molecule do not interact each other, and they behave in some ideal way, as also many solutions do. Each air molecule is free to diffuse in every direction and it is easy to calculate the atmosphere structure at the equilibrium. If the sedimentation, in the meaning of the people that declares that “heavier” gases accumulate in depressions, does really exist, then we would live in a carbon dioxide atmosphere in the few metres above the seas, in oxygen up to the top of main mountains, in nitrogen above, to find finally all the water vapour (and rains!) in the stratosphere. Is it true? No, it is not. Neither the legend of carbon dioxide “heaviness”.

The gravitational sedimentation

Let us then discuss the gas sedimentation stratified in the gravitational field (g=9.8 ms-2) on a flat surface. The hydrostatic equilibrium impose a pressure (P) variation with altitude z (positive upward) as




Where Mmol is the gas molar mass and R is the gas constant. It is easy to integrate between the surface (z=0, P=P0) and (z, P(z)) to obtain



 

It gives an exponential pressure decrease with altitude. This equation can be used to describes the upper parts of Earth atmosphere, from 10 to 80 km, where the temperature is quite constant. 

It is not correct to use it in the lowest part of atmosphere because also the temperature changes with altitude, but the equation describes very well the chemical gas sedimentation in caves where the temperature is quite constant.

The term in parenthesis must be dimensionless and then we can introduce the scale length of a gas sedimentation in the gravitational field




We can now calculate the scale length at T0=288 K.

	gas
	Mmol [10-3 kg mol-1]
	Lz [m]
	P(1000)/P0
	P(10000)/P0

	Nitrogen
	28
	8700
	0,89
	0,32

	Oxygen
	32
	7600
	0,88
	0,27

	Air
	28.9
	8500
	0,89
	0,31

	Hydrogen
	2
	120000
	0,99
	0,92

	Methane
	10
	24000
	0,96
	0,66

	Water vapour
	18
	13600
	0,93
	0,48

	Carbon dioxide
	38
	6400
	0,86
	0,21

	Radon
	222
	1100
	0,40
	0,000113


Atmospheres of pure gases in diffusive equilibrium stratify exponentially, which means that each altitude increase of Lz causes a relative reduction to a factor e-1=0.36… of pressure. For instance, in pure oxygen we have to increase 7.6 km to reduce the pressure of 63%, in pure hydrogen the rise have to be 120 km, in radon 1.1 km and so on.

The real atmosphere is a gas mixture, but the gases behave in independent manner, they collaborate to create the final total pressure, but the partial pressure of each one behaves as the others do not exist. So, the atmosphere can be considered not only a different gases mixture, but roughly also a different atmospheres mixture, each one composed by pure gases. So, they have a tendency to separate each other on a tenths kilometres scale-altitude, but the strong vertical mixing processes in the lower layers (called “homosphere”, up to 80 km) prevents such diffusive separation and create a quite uniform chemical composition. Nevertheless it is really true that in its upper layers (“heterosphere”) the Earth atmosphere is arranged into four shells, the lower dominated by molecular nitrogen, the second by atomic oxygen, the third by helium and finally by hydrogen atoms [LUTGENS, 1998].

The gases scale lengths are around ten kilometres what means that, also in perfectly calm atmospheres, it is possible to appreciate chemical composition differences only working with large altitude differences. The table says us that 1 km above the seas the different gases have essentially the same pressure, we would not be able to detect the different “weight” measuring the partial pressures, also in absence of vertical mixing. 

Then some sedimentation does exist, but it works on kilometres… On few metres it is impossible to detect any partial pressure variation between gases due to their different densities, neither radon.

So, the water vapour and methane do not concentrate on the ceiling, carbon dioxide and radon do not concentrate on the floor, unless we consider cave altitudes of many kilometres.

The sedimentation idea, repeated thousands times from a caving book to the other, is trivially false.

The carbon dioxide traps

But there is a problem, because we know that it is true. We have worked in Tropics, we met caves filled with carbon dioxide, we have developed techniques to work in these conditions, we have studied shaft equipments to descend in holes where was possible to meet deadly atmospheres [ANTONINI, 1997]. Did we work for something that does not exist? 

No, the problem does exist, but its classical interpretation is false, the shafts are not filled by carbon dioxide because it is an “heavy” gas, but because the carbon dioxide is produced at the bottom of the shaft in an absolutely calm atmosphere. 

Note that the false idea depends on the fact that the gas is potentially deathful. If in the shaft there is a lake the air at the bottom is filled with water vapour. We do not interpret this obvious fact as due to the “heaviness” of water vapour (that, in any case, is less dense than air), but as merely due to water presence. This is absolutely correct, the water vapour is concentrated just near the water surfaces. 

In exactly the same way, the carbon dioxide is concentrated just near the “carbon dioxide sources”. And in the same way the gases of upper atmosphere are concentrated near the source, in ionosphere the X and UV solar radiations produce atomic oxygen and hydrogen, and they accumulate there. 

The carbon dioxide comes essentially from putrefaction of organic substances, that are much denser than the air, and tend to accumulate in the lowest parts, as water does (but often water can flows away and often the dead organic substances cannot). So, the carbon dioxide and water vapour tends to accumulate in the depressions that often are more humid, and sometimes deadly enriched with carbon dioxide.

There is something worst, but often neglected because not only the carbon dioxide is dangerous at high concentration, also oxygen-poor atmospheres are deadly, independently by the presence of other gases.

Each carbon dioxide molecule comes exactly from the reaction of a carbon atom with an oxygen molecule; then, in general, near the carbon dioxide source we can meet a deadly presence of carbon dioxide and a deadly absence of oxygen. So, the problem is double, if we have the organic compounds on left, we have to calculate the oxygen flux to the left and the carbon dioxide flux to the right.

We have to make also a note about another smaller underground legend, the idea that is possible to monitor the lethality of an atmosphere looking if the acetylene light works well. We have two independent way to produce a lethal atmosphere, high concentration of carbon dioxide, low concentration of oxygen. The light burn if there is sufficiently oxygen, that is all. So, in an atmosphere composed with 28% of oxygen and 25% of carbon dioxide we die quickly with a wonderful light on head.

The gas diffusion in gases

Let us at first discuss why and how a gas diffuses in some direction.

It happens because the gas molecule are quite free to move and then they move. If we consider a surface in the space, the molecules flow through it in the two possible directions. If the number n1 of molecule per volume unit near one surface side is the same as n2 near the other, the net flux is almost the same, and no net gas transfer rate through the surface is observable. But if n1 is higher than n2 then from the 1-side more molecule will flow than from 2-side, and we then say that the gas diffuses through the surface.

It is easy to see that the equation that describes the diffusion processes are exactly the thermal transfer equation (Fourier and Laplace) because also those describe a diffusion, the “heat” diffusion.

The total flux (molecules per second per square metre) through a distance (z that separates two gas volumes with c2 and c1 gas concentration (kilograms per cubic metre) is given by




The Dg is the gas coefficient of diffusion, that depends on the gas viscosity (g and density (g as




Where f is a factor of order unity. From this we easily obtain the Dg dependence n the state variable




The detail of diffusion processes are quite complex and generally only the self-diffusion (the molecule diffusivity in a gas of identical molecules) is described. The real case, in which different gases diffuses one inside the other, have to take into account different molecule sizes, asymmetries, masses, details of repulsion forces between molecules. A review of these details can be found in the beautiful [JOST, 1952] but are not important to us here.

We obtain that the diffusion coefficient changes reasonably, but the variability is not so large. The table [JOST, 1952] gives this parameter at TPNC.

	Gas in gas
	Dg [m2 s-1]

	O2 in O2
	1.89(10-5

	N2 in N2
	1.98(10-5

	CO2 in CO2
	1.04(10-5

	O2 in air
	1.78(10-5

	CO2 in air
	1.38(10-5

	H2O in air
	2.36(10-5


The diffusion equation are not simple to be solved in practical cases, especially in transient condition, that is in the period in which the system tends to stationarity. Nevertheless it is easy to show that in practical cases very small carbon dioxide production in a not-mixing atmosphere can create deathful concentrations near the source. The key role here is played by the thermal uniformity of caves, that hampers air movements, and worst, can create “traps” of cold air, because the “heavy gas sedimentation does not exist, but the thermal sedimentation does. Complex, too... 

It is possible to make estimation in this way. We can introduce the maximum gas flux that can evacuated by diffusion along (z




That for carbon dioxide becomes




If the produced flux is greater than Fmax the gas concentration around the source will tend to saturation. So, we can obtain a perfectly toxic atmosphere of almost pure carbon dioxide thanks to a very small flux and very calm conditions, at the bottom or at the top of a cave. 

What about the “weight” of carbon dioxide? Nothing, it does not matter; exactly the same things can be said for an oxygen or nitrogen (or methane, in coal mines) source to obtain pure gas atmospheres near it. 

We can say this also for a water vapour source, but this gas is so far to be perfect at TPNC that saturation, condensation, enthalpy releases, eddies and so on appear (the problem of its diffusion in stable atmospheres is very complex).

The double diffusion

We are now ready to confront the problem of double diffusion. In general we have not a carbon dioxide source, but some organic storage (vegetables) in contact with oxygen. 

The oxidation and dismount of long organic molecules causes an Entropy increase, so it must happen: each carbon atom, each Hydrogen atom of this deep storage will surely be bounded with oxygen, to flow away to return to be wood, skin, milk… The flowing away is generally very quick, helped by a numberless type of creatures that lives of the going away of this died order and distribute it to the surrounding life: they are fungi, bacteria, birds, jackal, humans and so on. But when the organic compounds stay in a very stable situation, far from these workers, as in a cave, only the Second Principle can work. And work, slowly. By diffusion, by slow air draughts, by small temperature differences.

We have an organic deposit S, with some mass M per square metre. To mass is organic and its chemical composition is very roughly some CnH2n plus details. The putrefaction (oxidation) of these molecules is




That in term of masses gives




In volume this means that the putrefaction of one kilogram of vegetable mass needs 12 cubic metres of air and emits 2 cubic metres of carbon dioxide. But above all it needs the oxygen arrival on it.

It is reasonable to assume that the oxidation rate of compound is proportional to the local oxygen concentration in S. The proportionality depends on exposed surface, compound type, reactivity, temperature, presence or bacteria, total mass of S and so on. We do not want to calculate the KO, that is almost impossible, we only say that a KO does exist.

So, the flux of CO2 from S becomes




Where cO,0 is the oxygen concentration on the compounds. We can also assume that the free atmosphere that feeds oxygen to S, is also the same that evacuate carbon dioxide (it is not a trivial assumption, but in general it is true), so our free atmosphere is at (z from S.

At the equilibrium the system parameters do not depends on time (note that this assumption is extremely important) and then we must have that the evacuated CO2 molecules rate exactly equals the incoming oxygen molecules and exactly equals the carbon dioxide production. Here we are going to call cCD,0 and cO,0 the gases concentrations in S and cCD,1 and cO,1 those in the free atmosphere. It is easy, but quite long, to show that the gas concentrations are reduced due to this two-ways diffusion flux. Let us call F0 the oxidation rate of S in free atmosphere , then the general formulas are







The oxidation flux is reduced as compared with free atmosphere, and correspondingly are reduced the concentration of oxygen as compared with free air and also that of carbon dioxide as compared with that calculated before. It is interesting to see the behaviour of our results in extreme conditions.

We have assumed a very stable atmosphere around S, but does it makes sense? An oxidation always involves enthalpy releases (the reaction of organic substances with oxygen releases 3×107 J/kg) and then temperature increases and, finally, convective processes that transfer air much more efficiently than diffusion does.

Is this enthalpy it able to mix the surrounding air on the (z that separate S from the “free” atmosphere? It is not possible to answer without the knowledge of system geometry.

If we consider typical temperature differences between the organic deposit and the cave around 0.1-0.5 K, we can estimate in few centimetres per second the typical air flow velocities, in general much more efficient than diffusion to evacuate so small carbon dioxide fluxes. The situation that appear to be the most favourable to use this energy for convective movements is when we have S on a vertical wall: the heated air forms eddies in front of S and at the same time the water flows away from it reducing its cooling role. 

The worst situation is surely if S is on the roof (or, more reasonably, in a closed ascending cave branch): the energy released create a thermal sedimentation that traps air in the bubble, only diffusion can evacuate gases from there, also if the entrance is quite large.

We may say that it is in general a very small energy release, but its effects depends on system shape details: organic deposit orientation, reactivity and depth, water presence in the deposit. 

In any case, it appears that extremely low air fluxes are sufficient to prevent the formation of carbon dioxide rich or oxygen poor atmosphere inside caves, and really these conditions are quite difficult to meet.

Transient conditions
We cannot discuss here other detail like “thermal diffusion” or “Soret effect”, but we have to spend some words about the volcanic carbon dioxide “rivers” that sometimes have been able to kill many people, and on the general fact that if we have a cup filled with carbon dioxide we can pour it in another cup, gravitationally. How can it be possible?

It is simple, are typical transient situations. A gas filled cup it is very similar to a hot stone, which is going to cool, slowly, with similar diffusion law. 

This means that if we produce, in some way, the filled cup with an external effort, its gas will hold there for some times, like the cold air in supermarket freezer, but the situation is not stable. The freezer situation is stabilized by a continuous air cooling, the carbon dioxide trap can be stabilized by a gas source (and we return to “stationary” physics), but if these “sources” are absent the system evolutes to a maximum entropy state, one to uniform temperature and the other to complete mixing. In this case the gas will then diffuse away to fill the Earth atmosphere, very slowly, but meanwhile can be poured like a liquid or flow along a gallery floor.
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