
hydrate crystals are first observed. With Do 
as a fitting parameter, I found that Do = 

2100 cm2 s-' gave acceptable fits to both 
the Vostok data and the Byrd data (9) on 
bubble concentration as a function of 
depth. 

Figure 2 displays values of l/hbub nm2,  
the reciprocal of the bubble-to-bubble scat- 
tering length, as a function of depth, 7, for 
Vostok, Byrd, and South Pole. The experi- 
mental points use data on bubble concen- 
tration, n(.y), and radius, r(.y), for Vostok 
and for Byrd. The data for South Pole are 
from in situ light scattering at depths of 800 
to 1000 m (1 5). The curves show the results 
of applying the diffusion model to the three 
sets of data. The value for n(t) is calculated 
from Eq. 2, taking a = a,, the mean radius 
at the dissociation pressure. The observed 
values are a, = 68 p m  for Vostok and 130 
p m  for Byrd. In the absence of data on a, 
for the South Pole, I assumed the same 
value as for Vostok, because those two sites 
have similar elevations, surface tempera- 
tures, atmospheric pressures, and hydrate 
dissociation pressures (see Fig. I ) ,  which are 
rather different from those at Byrd. T o  com- 
pute the curve for Ilkbub, I assumed that r = 
a, (P,/P)'13 due to hydrostatic pressure. The 
fits to the data for Vostok and Byrd are 
quite good and lend confidence to the pre- 
dicted dependence of l/hbub on depth for 
the South Pole (26). 

The  diffusion-growth model provides a 
solution to the puzzles listed in the intro- 
duction. The  reason that bubbles do not 
all convert into air hydrate crystals at the 
phase transition pressure, and the reason 
for the great range of depths at which both 
air hydrate crystals and bubbles coexist, is 
that the time required for water molecules 
to diffuse through a growing shell of air 
hydrate at ambient ice temperature is ex- 
tremely long. The  diffusion coefficient for 
water in air hydrate, D(T)  = D,exp(-0.91 
kT), with Do = 2100 cm2 s-', is orders of 
magnitude smaller than for self-diffusion 
in hexagonal ice. For example, at -46"C, 
the temperature of South Pole ice at a 
depth of 1 km, D = 2.2 X 10-l7 cm2 s-' 
for water in air hydrate, whereas D = 2.65 
X 10-l3 cm2 s-' for water in hexagonal 
ice. The  reason for the apparent lack of 
organization of the data on  bubble disap- 
pearance in Fig. 1 is that the depth is the 
wrong variable to use. Because of large 
variations in snow accumulation rate from 
one polar site to  another, depth is not 
universally related to time. Only when 
data are plotted on a graph of time versus 
reciprocal of temperature does the corre- 
lation become clear. When applied to lab- 
oratory data on  the rate of decrease of 
concentration of bubbles in ice near the 
melting point (1 9) ,  the model gives results 
consistent with the data. 

The model predicts that in deep ice at 16, T. Uchida et a/., in Proceedings of the International 

the South Pole, the bubble-to-bubble scat- Conference on the Physics and Chemistry of Ice, N 
. . . . - ... Maeno and T. Hondoh. Eds, [Hokkaido Univ. Press. 
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Dike Injection and the Formation of 
Megaplumes at Ocean Ridges 

Robert P. Lowell and Leonid N. Germanovich 

A simple hydrologic model of seawater circulation at ocean ridge axes implies that the 
transient occurrence of large volumes of buoyant, heated water in the oceanic water 
column (megaplumes) can be attributed to the emplacement of dikes in oceanic crust. For 
dikes to generate megaplume flow, the permeability of both the recharge areas and the 
upflow zone must be greater than that required for ordinary black smokers. An increase 
in permeability in the upflow zone by several orders of magnitude results from dike 
emplacement, and megaplume discharge ceases as the dike cools. Vigorous black 
smoker venting may not persist very long at a megaplume site after the event occurs. 

Megaplumes (or event plumes) appear 
to be sudden, short-lived hydrothermal 
events on the sea floor (Fig. 1) .  Even 
though the temperature of the water in 
megaplumes is only slightly higher than in 
the ambient ocean (by up to 0.25"C), 
their large volume indicates the liberation 
of - l O I 7  J of heat (1 ,  2). Baker et al. (2)  
argued that the geometry of the plume and 
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Georgia Institute of Technology, Atlanta, GA 30332, 
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L. N. Germanovich, School of Petroleum and Geologcal 
Eng~neering, Un~vers~ty of Oklahoma, Norman, OK 
73019, USA 

its particulate content are indicative of an  
event lasting 2 to 20 days. The  heat and 
mass fluxes are thus two to three orders of 
magnitude greater than typical, quasi- 
steady black smoker venting. A simple 
heat balance shows that roughly 0.01 km3 
of magma can provide the heat content of 
a megaplume; however, the chemical con- 
stituents of megaplumes (2 ,  3) and the rise 
height of the plume appear to make direct 
interaction between seawater and an  ex- 
trusive lava flow an unlikely mechanism 
for megaplume generation (2) .  Neverthe- 
less, observations of recent lava flows in 
the vicinity of the megaplumes observed 
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on the northern Cleft segment of the Juan 
de Fuca Ridge in the northeast Pacific (4) 
and the detection of essentially simulta- 
neous seismicitv. basaltic lava flows. and , , 
megaplumes on the CoAxial segment Juan 
de Fuca Ridge in the summer of 1993 (3, 
5, 6) lend credence to the idea that 
megaplumes are associated with lateral 
dike propagation (7). 

In this report we present a simple hydro- 
logic model of seawater circulation at ridge 
axes and show that the emplacement of a 
dike into the shallow oceanic crust can alter 
the hydrologic and thermal regime in a 
manner consistent with the formation of a 
megaplume. Our model differs ,from others 
(8, 9) that relate megaplumes to episodic 
variations in normal black smoker systems. 
For example, Cann and Strens (8) proposed 
that rupture of an impermeable cap above a 
normal, active black smoker system by hy- 
draulic fracturing produces a megaplume, 
whereas Cathles (9) suggested that mega- 
~ l u m e  emissions result from e~isodic flow 
variations along the margins of a large, axial 
magma chamber that is driving active black 
smoker venting. These earlier models are 
incomplete because they do not relate 
megaplumes to magmatic events. Moreover, 
there is no evidence that black smoker ac- 
tivity existed prior to the megaplumes on 
the CoAxial segment (lo), and there is 
considerable evidence that high-tempera- 
ture venting after a megaplume may de- 
cline rapidly (7). Our model, on the other 
hand, directly invokes dike injection to 
provide both the hydrological conditions 
necessary for a megaplume as well as the 
necessary thermal perturbation. The mod- 
el does not require the prior existence of a 
black smoker venting system and is con- 
sistent with observations that hydrother- 
mal activity may wane rapidly after the 
megaplume. Moreover, our model indi- 
cates that for megaplume flow to occur 
after dike injection, the initial permeabil- 
ity in the recharge zone must exceed 
-10-l2 m2. Thus, not all dike injections 
will necessarily generate megaplumes. The 
model is also consistent with data on 3He/ 
heat ratios (10-12) and metal content of 
megaplume fluids (2, 3). 

We assume that fluid flow is along a 
single pass through the crust (Fig. 2). We 

Ambient -10km . 

I Ocean 

Fig. 1. Megaplume formation at an ocean ridge 
axis (the vertical scale is exaggerated). 

consider both cross-axis and along-axis flow 
because it is uncertain whether the recharge 
area is significantly larger than the dis- 
charge area (Fig. 2A) or whether the circu- 
lation is controlled by predominantly 
along-axis flow (Fig. ZB), in which case the 
discharge and recharge areas may be of 
about the same size. 

For typical black smoker flows, we as- 
sume that Darcy's law holds. Then, the 
total mass flux Q reflects the ratio of the 
pressure head driving the flow to the total 
flow resistance in the upflowing (u) and 
downflowing (d) limbs. Thus 

where Ap is the density difference between 
the descending and ascending limbs of the 
convection cell, g is the acceleration due to 
gravity, v is the kinematic viscosity, K is the 
permeability, and A is the area. The factor 
of 213 arises from assumine that the flow w 

resistance in the horizontal limb is equal to 
the average of that in the upflow and down- 
flow limbs. 

For black smoker venting, Apg = 5000 
kg m-2 s - ~ .  For a temperature of -350°C 
and a power output of -250 MW, which is 
typical of many vent fields (1 3), Q - 100 
kg s-'. In the downwelling fluid, vd = 
m2 s-', whereas in the hotter upwelling 
fluid, v, = m2 s-' because the viscos- 
ity decreases with increasing temperature 
(14). The area of vent fields varies consid- 
erably (1 3), but for convenience, we use A, - lo4 m2, corresponding to an area a few 
tens of meters across at the ridge axis and 
extending for a few hundred meters along 
the axis.-From these parameters and in the 
limit that all the flow resistance is in the 

Recharge 

Downflow 

Recharge 

Fig. 2. A schematic sketch of single-pass models 
for (A) cross-axis and (B) along-axis flows. 

upflow (discharge-dominated flow), we find 
from Eq. 1 that K, > 3 x 10-l3 m2. This is 
a lower limit for Ku. By taking the limit that 
all the flow resistance is in the downflow 
(recharge-dominated flow), we can place 
lower limits on the value of Kd. Choosing 
Ad = lo6 m2 (Fig. 2A) gives Kd > 3 X 
lo-'+ mZ, whereas choosing & = lo4 m2 
(Fig. 2B) gives Kd > 3 X 10-l2 m2. Thus, 
for ordinary black smoker flow, the perme- 
ability of the recharge zone may be either 
greater than or less than that of the dis- 
charge zone, depending on the area of the 
recharge zone. 

A megaplume event such as occurred 
over the Juan de Fuca Ridge in the northeast 
Pacific is thought to correspond to the re- 
lease of -10' m3 at a temperature T = 350" 
to 400°C over the course of a few days (- lo6 
S) (I  ). Such an event requires a mass flux Q 
= 2.5 x 10'' kg s-' (along each dike wall in 
our model). For megaplume flow, we use a 
model of permeability based on the turbulent 
upflow through a set of planar parallel cracks 
located near (-1 m) the dike wall (15). This 
model is advocated by the fact that the rock 
brecciated by the dike propagation is proba- 
bly adjacent to the dike walls (16); besides, 
dike parallel joints are expected to accompa- 
ny dike emplacement (16-18). The analo- 
gous single-pass hydrologic model is then 

2vd Q + M2 
Apg = - 

K d d  punL2D3 (2) 

where f is the friction factor, n is the num- 
ber of cracks, D is the width of an individual 
crack, and L is the length of the discharge 
zone along strike. The factor of 2 arises from 
assuming that the resistance in the horizon- 
tal limb equals that in the recharge limb. If 
we again take the limit of recharge-domi- 
nated flow, then Kd > 10-l1 m2 for Ad = 
lo6 m2, whereas Kd > m2 if Ad = lo4 
m2. Thus, for a megaplume to occur, the 
permeability of the recharge zone must be 
greater than that required for ordinary black 
smoker flow. Thus, if a megaplume occurs 
in a currently active black smoker system, 
the black smoker system must be dis- 
charge-dominated. If we assume that flow 
is discharge-dominated, D > 0.0017 m for 
a discharge length L of lo4 m (19), a 
friction factor f of 0.02 (20), and 10 
cracks per meter. In this case, the effective 
permeability of the upflow zone Ku = D 3/ 

(12h) > 4 x m2, where h is the mean 
crack spacing. If n = 100, then D > 8 x 

m and, again, Ku = 4 X m2. 
Megaplume flow therefore seems to re- 

quire more restrictive hydrologic conditions 
than ordinary black smokers. Not only must 
the recharge permeability be greater than is 
necessary for black smoker flow, but also the 
permeability of the upflow wne must be 
several orders of magnitude greater than for 
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ordinary black smokers. Therefore, if a black 
smoker system existed before the emplace
ment of a dike, it is not necessary that a 
megaplume occurs. It may occur only if the 
recharge permeability during black smoker 
flow is sufficient. Moreover, the formation of 
a megaplume requires that the permeability 
near the dike walls increase by several orders 
of magnitude to bring the discharge perme
ability to the required level. 

We suggest that the high permeability in 
the upflow zone can be associated with the 
mechanics of dike injection. At the largest 
scales, dike injection tends to produce 
cracks parallel to the dike in adjacent coun
try rock (17, 18). The newly created joints 
themselves can dramatically increase per
meability in the direction of dike propaga
tion. At a smaller scale, perhaps within one 
dike thickness, that is, ~ 1 to 10 m, dike 
propagation can brecciate the rock (16). 
Finally, even subsidiary permeability can 
increase in the rock adjacent to the dike as 
ascending thermal waters heat fluid-filled 
cracks (21). For land-based systems, super
heated steam ascending along the dike walls 
and heating the country rock can lead to 
the propagation of isolated microcracks, in
creasing their length by more than an order 
of magnitude (21). An analogous situation 
occurs in sea-floor systems (22). A quanti
tative analysis of the permeability enhance
ment that might occur upon the injection 
of the dike is a difficult problem. At this 
point in our understanding, we, as have 
others (I , 4, 8, 9), can only advocate the 
necessity for such permeability increases in 
order for megaplumes to occur. 

In our model, heat as well as permeability 
is furnished by the dike. To obtain an esti
mate of how long heat from a dike might 
drive high-temperature megaplume flow, we 
consider the thermal problem of heat trans
fer from the dike to the rapidly ascending 
fluid near the dike wall (Fig. 3). We consider 
the dike to be initially at a temperature T0 = 
1200°C and that fluid enters the cracked 
zone at the base at a temperature T t = 
200°C. Assuming thermal equilibrium be-

Cracked zone 

r, = ioo°c 
Fig. 3. Thermal problem of heat transfer from the 
dike to the rapidly ascending fluid near the dike 
wall. 

tween the fluid near the dike and the solid
ified dike, neglecting the latent heat of the 
dike, and assuming that the dike is a half-
space, the temperature of the fluid at a dis
tance x along the dike is estimated by (23) 

f XLx ] 
T(x, t) = Tm+ (T! - TJerfc 2sQ(aty12 

(3) 

where Tm = (T0 + T t)/2 is the mean tem
perature of the wall, \ and a are the thermal 
conductivity and diffusivity of the rock, re
spectively, s is the specific heat of the fluid, 
t is the time, and erfc is the complementary 
error function. We chose typical rock values 
a = 10"6 m2 s"1 and \ = 2.5 W m" 1 °C" 1 

and used the specific heat of steam s = 2 X 
103 J kg"1 °CT1. For L = 104 m, Q = 2.5 X 
104 kg s_1 , and a dike height x = 103 m, we 
obtain T = 338°C after t = 106 s. As heat 
continues to be removed from the dike, the 
vent temperature continues to decline. Be
cause the dike cools from both sides, its 
width d must be great enough for thermal 
interference between the two sides of the 
dike to be negligible before t = 106 s. From 
the Fourier relation at/d2 « 1, we find d > 2 
m. This simple calculation indicates that a 
small dike can provide the heat necessary to 
drive megaplume flow even before thermal 
interaction between the dike sides becomes 
essential. We also ignored the latent heat of 
the dike. 

For black smoker venting to persist after 
dike injection, hydrothermal circulation 
must be able to extract heat from a larger 
magma body (13, 20, 24). Moreover, the 
permeability of the upflow zone must de
crease to a value consistent with that given 
by Eq. 1, otherwise the flow rate will extract 
heat from the magma chamber at such a 
great rate that the vent temperature will 
rapidly become small (25). Chemical precip
itation in the cracks might reduce the per
meability sufficiently (26). 

To obtain a lower estimate of the time to 
seal the high-permeability zone near the 
dike as a result of precipitation of silica, we 
used the result of Lowell et al. (27) for the 
crack width b as a function of time in the 
presence of temperature and pressure gradi
ents and assumed that the fluid composition 
remained in equilibrium. The expression is 

b(x, t) = 
t 

4 dcs f Qfgq dcs 

bo + ±-j{dTI3x)dt-
P-^-t 

(4) 

where b0 is the initial crack width, pf and ps 

are the density of the fluid and the density 
of silica, respectively, q is the rate of mass 
flow per unit length of crack, dcJdT is the 
dependence of silica solubility on tempera

ture, dT/dx is the temperature gradient, and 
dcJdP is the dependence of silica solubility 
on pressure. For the set of cracks character
izing the upflow zone during megaplume 
flow, the dependence of silica concentra
tion on temperature is unimportant because 
with closely spaced cracks (~0.1 m), the 
temperature of the rock and fluid in the 
cracks is the same within a few hours of 
flow. Thus, the second term on the right 
side of Eq. 4 is negligible. Because the sol
ubility of silica decreases with pressure, 
however, silica will precipitate in cracks as 
the fluid ascends. Therefore, Eq. 4 becomes 

from which the time t to close a crack can 
be found. For b0 = 0.0017 m, ps = 2.5 X 
103 kg m"3 , pf = 103 kg m"3 , q = 0.25 kg 
m" 1 s"1, and dcJdP = 1 0 " n Pa"1 (28), we 
find t ~ 1.7 X 108 s (~5 years). This time 
for crack closure is a low estimate because 
we assumed q was constant. In reality, q 
decreases as the permeability decreases. 
Thus, it appears that high permeability at a 
megaplume site will persist for a long time 
after the megaplume event. Even if a larger 
magma body exists beneath the dike, the 
high permeability will lead to a large mass 
flux and rapid cooling of the magma (25). 
Consequently, according to our model, vig
orous black smoker venting should not be 
present at megaplume sites for very long 
after the event occurs. Hence, our model is 
consistent with observations at the Co-
Axial segment, where heat flux has fallen 
off dramatically 1 year after the megaplume 
events (7), and on the northern Cleft seg
ment, where venting along a 17-km line of 
lava mounds thought to be associated with 
the 1986 megaplume event shut off within 
8 years and perhaps much earlier (7). 

Finally, our model is consistent with the 
measured 3He/heat ratio (29) and metal 
content of megaplumes, which suggest that 
megaplume fluids are similar to equilibrium 
black smoker-like fluids. We suggest that 
when a high-temperature vent system dies 
(25), fluid circulation at temperatures of 
200° to 300°C persists in the crust until 
venting is reinvigorated by a new episode of 
magma emplacement. Thus, circulating flu
ids will have the signature of high-temper
ature water-rock reaction (elevated metals), 
and because magma is absent, the 3He/heat 
ratio may be less than or equal to that for 
typical active black smoker systems. Ac
cording to our model, this reservoir of fluid 
(~108 m3) is driven high into the water 
column, forming a megaplume after dike 
injection. On the other hand, we speculate 
that the lower plume results from the heat
ing of sea water by the surface lavas, which 
also rapidly release3He. Thus, the 3He/heat 
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ratio in the lower plume is high. Because of 
the higher pressure beneath the sea floor, 
we suspect that the 3He in the dike is not 
released immediately but rather is parti- 
tioned into the liquid remaining in the dike 
interior. Upon solidification and continued 
hydrothermal cooling, 3He from the dike 
may be transported to the lower plume. In 
the absence of additional magma, however, 
the 3He/heat ratio there will gradually re- 
turn to a lower level. 
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Diverse Effects of the Guanine Nucleotide 
Exchange Factor RCCl on RNA Transport 

Yan Cheng, James E. Dahlberg, Elsebet Lund* 

Transport of RNAs within nuclei and through nuclear pore complexes (NPCs) are essential, 
but poorly understood, steps in gene expression. In experiments with mammalian cells, 
RCC1, the abundant nuclear guanine nucleotide exchange factor for the guanosine 
triphosphatase Ran/TC4, was shown to be required for nucleocytoplasmic transport of 
precursors of spliceosomal small nuclear RNAs (snRNAs), intranuclear transport of U3 
snRNA, and processing of ribosomal RNAs, but not for export of transfer RNAs. It is 
proposed that guanosine triphosphate (GTP)-bound Ran/TC4 associates with ribonu- 
cleoprotein particles (RNPs) during intranuclear movement, and that GTP hydrolysis 
promotes deposition of RNPs at targeted sites such as NPCs or nucleoli. 

Eukaryotic RNAs are generally processed 
in cell compartments different from those 
in which they function, making transport a 
crucial phase in their metabolism (1). Much 
remains to be learned about the mecha- 
nisms of transport of RNAs and RNPs (2) 
to and through NPCs (3). 

An intriguing protein that appears to 
function in the export of mRNAs is the 
product of the RCCl gene in mammalian 
cells (4) and the homologous gene in yeast, 
PRP20 ( 5 ) ,  also known as MTR1 (6); inac- 
tivation of RCCl or Prp2O proteins results in 
accumulation of polyadenylated [poly (A)  +I 
RNAs within nuclei (5, 6). The RCCl pro- 
tein, originally identified in tsBN2 mutant 
hamster cells as a regulator of chromosome 
condensation ( 4 ) ,  is required for many pro- 
cesses of mammalian cells, including initia- 
tion of DNA synthesis and progression of the 
cell cycle (7). This nuclear protein functions 
as a guanine nucleotide exchange factor 
(GEF) for the Ras-like guanosine triphos- 
phatase (GTPase) RanPC4 (8). Although a 
small but significant fraction of RanlTC4 is 
present in the cytoplasm where it functions 
in protein import (9, lo) ,  the role of RCCl 
in this process has not been established. 
Overproduction of the yeast homolog of 
Ran/TC4 can suppress certain prp20/mtrl 
mutations (6, 1 I) ,  and GTP hydrolysis by 
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this protein is needed for export of poly(A)+ 
RNAs from nuclei (12); by analogy, nuclear 
RCCl and RanlTC4 may collaborate in 
RNA transport in higher organisms. 

To investigate the role of RCCl protein 
in nuclear RNA transport, we analyzed the 
metabolism and intracellular distribution of 
several other classes of RNAs synthesized in 
tsBN2 cells depleted of this protein (4). We 
show here that RCCl participates in the 
transport of some but not all RNAs within 
nuclei and propose that it does so by pro- 
moting the generation of GTP-bound Ran/ 
TC4 [(GTP)-Ran/TC4], which complexes 
with RNPs and allows their movement 
through the nucleoplasm to specific sites. 
The accumulation of poly(A)+ or other 
RNAs in nuclei depleted of RCCl would 
result from inefficient delivery of the RNAs 
to NPCs in the absence of (GTP)-Ran/TC4. 

Precursors of most spliceosomal small 
nuclear RNAs (pre-snRNAs) undergo mat- 
uration only after they have been exported 
to the cytoplasm and have bound a complex 
of proteins, the Sm antigens (13). The 5' 
m7G-caps of pre-snRNAs are then convert- 
ed to hypermethylated m2~2~7G-caps and 
several nucleotides are trimmed off the 3' 
ends before the mature snRNAs are trans- 
ported back into the nucleus as snRNPs. 
Because small RNAs leak out of nuclei 
during cell fractionation (14)- we used these " . . 
cytoplasmic modifications as indicators of 
whether the RNAs had been exported from 
the nuclei of intact cells. 

A shift of tsBN2 cells to the nonper- 
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