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Multiple-Scale Convection in the Earth’s Mantle:

A Three-Dimensional Study

Abstract. Laboratory experiments suggest that a convective regime characterized
by two length scales of motion is a reasonable model for circulations in the earth’s
upper mantle. The flows of largest horizontal scale represent a likely plate-driving
mechanism, required by some theories of plate tectonics. It is also suggested that the
small-scale circulations could influence the chemical evolution of the mantle by
extracting primitive mantle material that is otherwise entrained in the large-scale

flow.

A possible although controversial
model for convection in the mantle limits
the circulations that directly act on the
lithospheric plates to a maximum depth
of about 700 km (/). It is based on the
occurrence of deep earthquakes in sub-
duction zones which are interpreted as
due to collisions between sinking litho-
spheric slabs and the boundary of a layer
of much higher viscosity. Justification of
this model is complicated by the role of
buoyancy-driven circulations in main-
taining the plate motions. It has been
argued that a scale of motion comparable
to the characteristic horizontal dimen-
sion of a plate is required to exert suffi-
cient force on its base to offset retarding
forces. However, most studies have
shown that natural convection is charac-
terized by a horizontal scale comparable
to the depth of the convection zone—a
scale that seems much too small for
driving plates (2). The occurrence of
convective motions on two very different
horizontal scales is a possible solution
that is supported by the results of some
analytical and numerical studies (3, 4)
and by results obtained in a recent labo-
ratory investigation.

The laboratory model consists of an
internally heated fluid layer with a top
boundary at a nearly constant tempera-
ture and an insulating bottom (Fig. 1a).
The experiment models the tempera-
ture distribution resulting from a uni-
form concentration of radioactive hea.
sources like those contributing to heat
production within the upper mantle. The
heat sources are simulated by the ohmic
dissipation of an electric current passed
through the electrolyte fluid layer. Care
was taken to minimize the effects of
nonuniform heating by placing the mesh
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electrodes on the horizontal boundaries,
which minimizes their separation dis-
tance, and an alternating current was
applied to eliminate polarization effects
in the fluid. Observations of the convec-
tive planform were made by using the
shadowgraph method (5). A collimated
light beam projected through the layer
and then onto a frosted screen causes
cool sinking regions to appear more in-
tense than warm ascending flows. Time-
lapse photography allowed the large-
scale flow to be observed and permitted
estimation of the flow rate.

Specification of the dimensionless
groupings of parameters (6) called the
Rayleigh number

agHd
vi’pC,

a =
and the Prandtl number

Pr="
K

determine the convective state of the
model. The initially static layer becomes
thermally unstable and flows begin to
develop when the Rayleigh number ex-
ceeds 2772 (7). The upper mantle Ray-
leigh number is estimated to be about
10%, while the Prandtl number for the
mantle is usually taken to be infinite
(> 10%). Comparable values of the Ray-
leigh number can be achieved in the
experiment by using a glycerin-based
solution having a Prandtl number of
about 3000. This relatively low Prandtl
number is still sufficiently large to ensure
reasonable correspondence with an infi-
nite Prandtl number model.

Figure 1b shows the convection layer
viewed from above; the bright linear fea-
tures are sinking sheets in the flow,

forming loosely defined convection cells.
The warm flow rises in the center of the
cells and is cooled by the top boundary
as it moves toward the outside of the
cells. Near the cell edges the boundary-
layer flow becomes unstable and falls
into the interior region. This behavior is
observed in the range of Rayleigh num-
ber from 1.0 X 10° to 3.5 x 10°. Esti-
mates of the distance from the edge to
the center of these irregular cells yield
values comparable to the depth.
However, an increase in the Rayleigh
number to 7 X 10° produces a significant
modification of the planform, as is evi-
dent from Fig. 2a. The linear features
rapidly break down into sinking jets or
blobs of fluid, which fall away from the
cool top boundary into the interior flow,
where they eventually come into thermal
equilibrium with their surroundings.
These blobs also form spontaneously ad-
jacent to the top boundary over the rising
regions. The resulting scale of motion
near the top is much smaller than the
depth of the system. Nearly concurrent
with the appearance of these small-scale
circulations, a complicated flow having
roll diameters of at least six times the
depth of the tank can be observed in
time-lapse films of the experiment (ar-
rows indicate the approximate direction
of flow in Fig. 2a). This large-scale flow,
having a maximum velocity of 1072 cm/
sec, tends to sweep the sinking blobs to
the edges of the convection layer. During
the circulation time of the larger compo-
nent of the flow, blobs form and disap-
pear many times at any particular loca-
tion on the boundary. The schematic
diagram of Fig. 2b illustrates both flows
in cross section. The results suggest that
the large-scale component of a similar
two-scale system in the mantle can have
a wavelength comparable to the dimen-
sions of typical lithospheric plates.
Several possible models exist to ex-
plain the relation between the large and
small scales of motion, but the observa-
tions strongly suggest a preference. It is
observed that the small-scale sinking jets
appear before any large-scale motion can
develop; that is, large-scale circulations
do not cause the breakdown of the linear
features seen in Fig. 1b. Either the small-
scale jets or blobs contribute to driving
the larger scale of flow, or they are more
conducive than the original planform to
allowing the large circulations to be driv-
en by some other means, most likely the
loss of heat to the sidewalls of the tank.
While the jets probably are less effec-
tive than the larger cells in preventing
the development of large-scale circula-
tion, it seems unlikely that sidewall cool-
ing is the driving mechanism for the
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larger circulations. In the experiment,
the 1.3-cm-thick Plexiglas walls should
be nearly adiabatic, since they have been
placed in contact on their outer side with
a 15-cm-wide region of fluid heated inter-
nally at the same rate as the fluid in the
observation region. Results of an investi-
gation (8) of the effect of sidewall heat
fluxes on driving large circulations can
be used to infer that heat losses in the
present experiment are much too small
to drive the observed motions.

The jets themselves are most likely
responsible for the large component of
flow. Reynolds stresses produced by the
falling jets have been suggested as a
mechanism for driving some large-scale
flows (8). However, for a given Rayleigh
number, the mechanism becomes less
effective with increasing Prandtl num-
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ber. The Prandtl number of the experi-
ment reported here is evidently too large
for these flows to be explained by the
production of Reynolds stresses. For the
same reason, this theory is not expected
to be relevant for mantle convection
characterized by Pr > 10%°. Alternative-
ly, baroclinicity caused by the jets falling
into the interior can drive such flows,
according to a two-dimensional numer-
ical study carried out for an infinite
Prandtl number fluid (¢). The two-scale
flow is associated with a constant heat
flux condition on the upper boundary,
modeling the earth’s insulating litho-
sphere which overlies the convection
zone. At large values of the Rayleigh
number the insulating glass top of the
experiment also approaches this thermal
boundary condition (9).

Fig. 1. (a) The top boundary of the convection layer is the base plate of a manifold constructed
from plate glass over which thermostatically controlled water is circulated. The insulating
bottom boundary consists of sheets of glass and Plexiglas. Copper mesh was chosen for the
electrodes (E) to allow the passage through the layer of the light beam used to visualize the
convection. The shadowgraph visualization technique is based on the dependence of the fluid’s
refractive index on temperature. (b) Observation made at a Rayleigh number of about 3 x 10°.
The flow is upward (out of the page) except near the bright linear features, which are sinking
(into the page). The silhouetted scale near the top is 5 cm long, and the depth of the layer is 3
cm. The wavy moiré pattern observed in the photographs results from the projection of the light
beam through both mesh electrodes. The pattern has no relation to the convection.
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Fig. 2. (a) Observation made at a Rayleigh number of about 7 x 10°. The linear features break
down into sinking blobs or jets, their spacing decreasing with increasing Rayleigh number. A
large-scale flow is also observed to develop nearly simultaneously with the jets. The jets act as
particle tracers, allowing the flow to be mapped (arrows). (b) Schematic cross section of the
two-scale flow, illustrating the large-scale upwelling of fluid near the center of the layer and the
smaller scale sinking jets and return flow near the top boundary. The smaller scale of flow
provides an efficient means of extracting fluid entrained in the larger component.
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The model presented here differs con-
siderably from an earlier model of the
interaction between two scales of con-
vection in the mantle (/0). In the devel-
opment of that model, a more kinematic
approach was taken regarding the pro-
cesses that give rise to the two scales of
motion. The larger component was pre-
sumed to be induced by the plate mo-
tions, so that a moving plate provided a
constant-velocity boundary condition for
the underlying fluid. The smaller scale of
the flow, which resulted from thermal
instability produced by bottom heating,
was modeled by two-dimensional rolls
having a vertical scale equal to the depth
of the convection zone and an aspect
ratio of about unity.

From the results presented here, it can
be argued that the two scales of convec-
tion are an inherent property of the flows
in the range of Rayleigh number consid-
ered. The larger scale does not depend
on the existence of the appropriate kine-
matic boundary condition, that is, a
moving boundary. The small component
of the flow is likely to be three-dimen-
sional and somewhat smaller in scale
than the vertical dimension of the con-
vection zone. Another feature of this
internally heated model is that all the
fluid from the interior of the convection
zone is advected through the thermal
boundary layer at the top. In the roll
model, fluid will tend to be trapped in the
interior of the convection roll in the
absence of other transport processes.
Such differences could be significant for
geochemical models of the mantle.

The three-dimensional observations of
convection in an internally heated layer
described here complement the more
general numerical models of Hewitt et
al. (4). Their results suggest that the
transition to two-scale convection is not
very dependent on the mode of heating,
rather it depends on the thermal bound-
ary conditions. On the other hand, it may
be inferred from the present observa-
tions that the restriction of their model to
two dimensions and the implementation
of less realistic stress-free boundary con-
ditions have not introduced extraneous
effects into their analysis. A future labo-
ratory model might include heating from
below as well as from within, which is
undoubtedly a more accurate (and more
complicated) model of the mantle. While
the introduction of an unstable thermal
boundary layer adjacent to the heated
bottom would not be expected to strong-
ly modify the two-scale behavior (4), the
observations of the interaction between
hot rising plumes produced in the unsta-
ble boundary layer and the large-scale
flow would in themselves be interesting
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for studies of hot spots—regions on the
earth’s surface of intense intraplate vol-
canism.
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Slowly Dechlorinated Organic Chloramines

Abstract. Dechlorination of some organic chloramines with aqueous sulfite
solutions does not take place instantaneously as previously assumed. Field dechlori-
nation times on the order of hours for some compounds that are found in chlorinated
effluents appear likely on the basis of laboratory studies. These chlorinated com-
pounds are not detected by standard analytical methods in the presence of sulfite

on.

Chlorinated effluents from electric
power plants or sewage treatment plants
have the potential to adversely affect the
aquatic biota of the receiving water body
(). One approach to the control of
chlorinated effluents is the use of chemi-
cal dechlorination, which usually con-
sists of the addition of sulfur dioxide or
sodium bisulfite (NaHSO;) to the efflu-
ent to degrade the oxidizing chlorine
species to chloride ion. The conventional
wisdom has held that, provided proper
mixing is achieved, the reaction is quan-
titative and virtually instantaneous (2).
We have found that at least some of the
organic chloramines that form in chlori-
nated effluents react relatively slowly
with aqueous SO;*~ under environmen-
tally meaningful conditions. Further-
more, with the present analytical tech-
niques it is not possible to detect these
compounds in the presence of excess
unreacted dechlorinating agent. The ex-
tent and environmental significance of
these slowly reacting compounds is pres-
ently unclear.

A significant proportion of the nitro-
gen compounds in many chlorinated ef-
fluents contain amino nitrogen groups.
They are found in the N-terminal groups
of amino acids and peptides, the amine
nitrogens of peptides, and the alkyl
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amine groups in the side chains of such
amino acids as lysine (3). The N-terminal
amino groups and the alkyl amines readi-
ly react with hypochlorous acid (HOCI),
formed by the hydrolysis of chlorine gas
or sodium hypochlorite (NaOCl), to give
chloramines (4). In the course of studies
of the reaction chemistry of these com-
pounds, we found that at concentrations
expected to be found in effluents
(~ 107°M), the reaction

RNHC! + HSO;~ + H,0 —

RNH, + SO~ + CI” + 2H® ()
is relatively slow (R is an organic molec-
ular fragment).

We have investigated the kinetics of
Eq. 1, using several different organic
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chloramines at 25°C. We followed the
reactions by taking periodic aliquots of
the reaction mixture and analyzing them
according to the fluorescamine fluoro-
metric method (5) to measure the con-
centration of the primary amines formed
by the reaction of the chloramines with
the aqueous SO;*~. This procedure is
based on our observation that chlora-
mines do not react with the fluoresca-
mine reagent to form a fluorescent prod-
uct. The fluorescence was measured
with a fluorometer (Turner model 111).
The reactions were carried out under
conditions of excess SO;2~ so that the
reaction would obey pseudo-first-order
kinetics. The monochloramine in all
cases was formed by the reaction of the
amine with an equimolar solution of
NaOCl] at concentrations of 3 to 11 uM
for 5 minutes. Sodium sulfite was then
added to achieve an initial molar ratio to
chloramine of from 3:1 to 30:1 in the
reaction mixture. The pH was controlled
with 0.02M phosphate buffers, and the
temperature was regulated to = 0.1°C.

If Eq. 1 is first order in the chloramine
and in total SO;27, the rate of appear-
ance of the amine can be described by
the equation

diAl _
o = MSICLA] ©)

where [A] is the concentration of the
amine (in moles per liter), [S] is the
concentration of total SO3%>~, [CLA] is
the concentration of chloramine, and & is
the rate constant (in liters per mole per
minute). The solution of Eq. 2 under the

assumptions of constant [S] and
[CLA)y = [A], is
[A]
1 —_—_—— = —_
Al exp(—k[S]r) (3

where [CLA]y is the initial concentration
of chloramine and [A], is the sum of
concentrations of chloramine and free
amine. The pseudo-first-order rate con-
stant (k' = k[S]) can then be calculated
using the method of least squares to fit
the data on In(1 — [A)/[A]y) versus time.
We determined &’ in this way for varying
conditions of [A]y, [S], and pH for the
chloramine N-chloroalanylalanylalanine.
The results showed that &' is indepen-
dent of [A], and varies linearly with [S].
These results confirm the assumption
that Eq. 1 is first order in [CLA] and [S].
The second-order rate constant is then
obtained by dividing k' by [§]. Figure 1

Fig. 1. Second-order rate constant of the
reaction of N-chloroalanylalanylalanine at
25°C as a function of pH.
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