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slope of the straight line shows the spring con- 
stant of the waveguide to be 1.63 X lo3 Nlm. 
From this value we calculated the force exerted 
by C. graminicola during the formation of the 
penetration hypha underneath the appresso- 
r im .  Force exertion typically began 100 to 120 
min after the formation of mature-that is, mel- 
anized-appressoria (determined by visual in- 
spection with the light microscope) and reached 
a steady level after -300 min (Fig. 4B). This 
level did not change for several hours. In 18 
appressoria from four fresh preparations of 
cbiidia cultured onto four different wave- 
guides, we measured a force of 16.8 pN (SD 
23.2 pN, range 8 to 25 pN). 

Earlier studies used various techniques to 
measure the turgor pressure within an appres- 
sorim (1 7, 18). Given that the force is applied 
to an average diameter of 2 pm of the surface 
(Fig. 3D), which is in good agreement with the 
size of the penetration hyphae of C. gramini- 
cola as shown by transmission electron micro- 
graphs (19), the pressure within the appresso- 
r i m  would be 5.35 MPa. By comparison, 
Money (20) calculated that the pressure of 8.0 
MPa found in appressoria of M. grisea corre- 
sponds to a force of 8 pN, assuming that the 
surface of the penetration peg in this fungus is 
-1 pm2. These forces should be sufficient to 
breach the cuticle and epidermal cell wall of 
mono- and dicotylous plants (18). 

In addition to allowing precise determina- 
tion of vertical forces exerted by single appres- 
soria on an underlying surface, the waveguides 
have a relaxation time of less than 1 s and so 
may be used to monitor dynamic processes. 
Data obtained in this way may help to analyze 
the effect of antipenetrants, for example, chem- 
ical agents that interfere with melanin biosyn- 
thesis or the biogenesis of fungal cell walls. The 
elasticity of the waveguide can easily be varied 
by using different types of elastomers (24, 
allowing measurements of forces down to the 
nanonewton range. 
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Formation of Cycloidal Features 
on Europa 

Gregory V. Hoppa,? B. Randall Tufts, Richard Greenberg, 
Paul E. Geissler 

Cycloidal patterns are widely distributed on the surface of Jupiter's moon 
Europa. Tensile cracks may have developed such a pattern in response to  diurnal 
variations in tidal stress in Europa's outer ice shell. When the tensile strength 
of the ice is reached, a crack may occur. Propagating cracks would move across 
an ever-changingstress field, following a curving path t o  a place and time where 
the tensile stress was insufficient to continue the propagation. A few hours 
later, when the stress a t  the end of the crack again exceeded the strength, 
propagation would continue in a new direction. Thus, one arcuate segment of 
the cycloidal chain would be produced during each day on Europa. For this model 
t o  work, the tensile strength of Europa's ice crust must be less than 40 kilo- 
pascals, and there must be a thick fluid layer below the ice t o  allow sufficient 
tidal amplitude. 

Stress due to tidal deformation may drive explanation. These features have several ar- 
global tectonics and the formation of linear cuate segments; each - 100 km in length. The 
features on Europa (1-6). However, the for- Voyager spacecraft observed an abundance 
mation of the long chains of arcuate linea- of cycloidal ridges (called "flex?' in the no- 
ments (or cycloids) on Europa has eluded menclature of the International Astronomical 

Union) at high southern latitudes (1, 7, 8), at 

Lunar and Planetary Laboratory. 1629 East University 
which.location the spacecraft's observing ge- 

Boulevard. University of Arizona, Tucson, AZ 85721- ometry and the photometric fa- 
0092, USA. vored visibility (Fig. 1). 

tTo whom correspondence should be addressed. E- The Galilee spacecraft has ~bserved cycloi- 
mail: hoppa@lpl.arizona.edu dal features of different morphologic types. The 

Fig. 1. Cycloidal ridges near Europa's south pole as viewed by the Voyager spacecraft (58"S, 
166"W). 
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most primitive form of cycloidal feature is ob- 
served as a crack or trough (Fig. 2). These 
features appear not to have undergone any sub- 
sequent modification. Cycloidal features are 
more commonly observed in high-resolution 
Galileo images as double ridges (Fig. 3) [class 
1 in Greenberg et al.'s (6) taxonomy], includ- 
ing those imaged by Voyager. Double ridges 
are the most common form of tectonic feature 
observed on the surface of Europa. If double 
ridges evolve from cracks in the ice, as pro- 
posed by all ridge formation models for Europa 
(6, e l l ) ,  then the presence of cycloidal double 
ridges suggests that their shape represents the 
shape of the initial crack. Other arcuate features 
show evidence of lithospheric dilation or 
spreading of the crust (Figs. 3 and 4). Examples 
of arcuate features that have been pulled apart 
include wedge-shaped bands (12, 13) and 
Thynia Linea (14). Even the enormous strike- 
slip fault Astypalaea Linea may have been ini- 
tiated as a cycloidal crack. Improved observa- 
tion of the surface of Europa has provided 
evidence that cycloidal features are not restrict- 
ed to any portion of the satellite. Previous mod- 
els for the formation of cycloidal and other 
arcuate features depended on compression and 
thrust faulting (3, 7), including an analogy to 
island arcs on Earth (15). Galileo observations 
of these features show no evidence of compres- 
sion or subduction along them (Figs. 2 and 3). 
Here we show how cycloidal features may form 
as tension cracks, with their form being con- 
trolled by the diurnal variation of tides (16). 

As Europa orbits Jupiter, the amplitude 
and orientation of its tidal bulge vary with an 
85-hour period due to Europa's orbital eccen- 
tricity. The consequent diurnal stress varia- 
tions were computed (6) with a model that 
assumes an ice shell on top of a global ocean, 
which allows a -30-m change in tidal am- 
plitude over 42.5 hours (6). The magnitude of 
the tidal stress is proportional to p(1 + v)l 

(5 + v), where p is the shear modulus and v 
is the Poisson ratio. For water ice, plausible 
values are p = 3.52 X lo9 Pa and v = 0.33 
(1 7). On the basis of this model, the stress 
field for any location on Europa at any point 
during its orbit can be computed. 

Cycloidal cracks may form in response to 
Europa's tides in the following way: When the 
tensile strength of ice is reached, a crack forms 
perpendicular to the local direction of the ten- 
sile stress and begins to propagate. Because 
diurnal tidal stress changes, cracks propagate 
across an ever-changing stress field, in both 
amplitude and orientation. Thus, propagation 
can follow a curving path until it reaches a 
place and time where the tensile stress is insuf- 
ficient to continue the propagation (Fig. 5). The 
propagation may be dormant until a few hours 
later, when the stress at the end of the crack 
once again exceeds the strength. At that time, 
propagation continues in a direction perpendic- 
ular to the new orientation of tensile stress. The 
shape of the crack then has a cusp, because the 
orientation of the tidal stress field changes sub- 
stantially during the period when the crack is 
inactive. 

In addition to the amplitude and elastic 
moduli, three additional parameters are re- 
quired to model cycloidal features quantitative- 
ly: (i) the crack initiation strength, which is the 
magnitude of the tensile stress required to ini- 
tiate cracking; (ii) the crack propagation 
strength, which is the magnitude of the stress 
below which crack propagation halts; and (iii) 
the horizontal crack propagation speed. The 
maximum diurnal tensile stress for Europa is 
-40 Wa. However, most regions of the surface 
are not stressed so much (6). Because cycloidal 
features have been observed at numerous loca- 
tions on Europa, we assume a crack initiation 
strength of 25 Wa, which would allow crack 
formation to be widely distributed. We assume 
that the crack propagation strength is 15 Wa, 

Fig. 2. Example of 
a cycloidal crack or 
trough observed near 
the crater Manannhn 
(OON, 238OW ), with a 
key at the right high- 
lighting the feature 
with a white line. 

given that a crack is already initiated and fits the 
observed geometries of cycloidal features. 
Crack propagation stops when tensile stress 
drops below 15 Wa. Finally, we adopt horizon- 
tal crack propagation of 3 km/hour, for which 
the rotating orientation of the diurnal stress field 
generates curvature similar to that observed. 
This speed is also consistent with the forma- 
tion of cusps spaced between 75 and 150 km, 
as observed; however, this speed is much 
lower than that of elastic cracks, which travel 

Fig. 3. Cycloidal double ridges [class 1 in Creen- 
berg et al.'s taxonomy (6)] viewed in the north- 
ern hemisphere of Europa (60°N, 80°W). 

1900 17 SEPTEMBER 1999 VOL 285 SCIENCE www.sciencemag.org 



R E P O R T S  

at a good fraction of the bulk speed of sound, 
so dissipation is probably important in the 
propagation process. Moderate variations in 
the strength (by -8 Wa) and propagation 
speed can reproduce the diversity of observed 
cycloidal features at different orientations 
and locations. 

In addition to the formation of the arcuate 
shape, the cusp, and the length of arcuate seg- 
ments, other characteristics of cycloidal fea- 
tures may also be explained by this model. As 
shown in Fig. 1, some cycloidal features have 
arcuate segments that open northward (for ex- 
ample, Delphi Flexus) right next to features that 
open southward (for example, Sidon Flexus) 
(8). Our model explains the orientation of the 
cusps as a function of the direction of the crack 
propagation as follows: Features similar to Del- 
phi Flexus (cusp northward) would form when 
cracks propagate westward in the southem 
hemisphere, whereas features similar to Sidon 
Flexus (cusp southward) would form when 

Fig. 4. Extensional 
wedge-shaped bands 
(shown as darker fea- 
tures) (15'5, 19S0W) 
were probably initiat- 
ed as cycloidal cracks. 

cracks propagate eastward in the southern 
hemisphere. The opposite effect would take 
place in the northern hemisphere. Thus, the 
directions of crack propagation'can be inferred 
for all observed cycloidal features. 

Most arcuate features are skewed, so that 
there is a systematic change in the radius of 
curvature along the length of some cycloidal 
ridges. Good examples are seen in Sidon Flexus 
and Cilicia Flexus (Fig. 1). In our model, cy- 
cloidal cracks are similarly skewed if the crack 
propagation speed varies as a function of the 
tension. It is reasonable to expect the crack 
propagation speed to be proportional to the 
applied tension across the crack (that is, higher 
tensile stress would result in faster propaga- 
tion). In this model, the crack initiates when 
stress levels are high (25 Wa), so crack propa- 
gation is faster and cracks are less curved at the 
beginning of each arcuate segment. As the ten- 
sile stress drops over the course of the orbit, the 
speed of the crack may also decrease and con- 

sequently shorten the radius of curvature along 
the fracture. In this way, arcuate segments can 
be skewed, as observed on Europa. 

This model also provides a mechanism for 
terminating the propagation of these cracks af- 
ter several hundred kilometers (that is, several 
arcuate segments). The diumal stress field on 
Europa varies as a function of latitude, longi- 
tude, and time (6). If a crack propagates into a 
region where the diumal stress never reaches 
the strength of the ice, then cracking stops. 
Some cycloidal cracks may also fade into semi- 
linear features before the crack stops, if the 
crack is active for a very short period (<lo 
hours) of the diurnal cycle. Additional regional 
geologic processes (that is, preexisting cracks 
that have not annealed) may also govern termi- 
nation of crack propagation. 

Finally, this model explains the large-scale 
curvature of cycloidal chains (for example, the 
concave upward curvature of the artificial chain 
shown in Fig. 5). Cycloidal features on Europa 
generally have such overall curvature (3, 7). 
This overall curvature results as a crack vrova- 
gates to different longitudes. In the example 
shown in Fig. 5, the chain of cycloids formed 
during the first few orbits is aligned nearly in 
the east-west direction, because on average the 
tensile stress is in the north-south direction dur- 
ing the time of crack propagation. As the chain 
of cycloids moves eastward, the overall direc- 
tion of the crack begins to turn northward. The 
change in overall bearing results from a change 
in the direction of the average tensile stress 
from the north-south direction to the northwest- 
southeast direction (6), thus causing the chain 
of cycloids to curve. Cycloidal lineaments on 
Europa curve in a sense consistent with our 
model. 

Diurnal tidal variation provides a plausible 
explanation for the formation of cycloidal fea- 
tures on Europa. It reproduces many of the 
major characteristics associated with cy- 
cloidal features, including (i) the cycloidal 
segments, (ii) the cusps, (iii) the distances 
between cusps, (iv) the orientation of the 
cusps, (v) the skewness along cycloids, (vi) 
the termination of cycloidal features, and 

ter perijove. As prop- I I 
agation of the crack 260 250 240 230 220 21 0 
continues, the orien- Longitude 
tation of the tensile 
stress vector changes, causing the crack t o  change course. At 71 hours into the orbit, tension decreases t o  a point where crack propagation is no longer 
possible. The process repeats itself on subsequent orbits, making the characteristic cycloidal chain. 

Fig. 5. Model of cy- 
cloidal crack forma- 65 
tion on Europa. The 
arrows represent the 
amplitude and orien- a 
tation of the tensile u 

a stress; the numbers .= 
below the arrows in- 3 
dicate the hours of 
the orbit. During the "O 
first orbit, cracking is 
initiated 33 hours af- 
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(vii) the large-scale curvature of the cycloi- have foilned in response to diurnal tides, a 11. E. P. Turtle e t  a/.. Eos 79, 8202 (1998). 

dal chains. Cracks that are not cycloidal process that occurs quicltly over the course of 12. R. Sullivan Nature 391, 371 (Igg8). 

nlust l1a7e propagated faster or originated a few days, at a rate of one cycloid per ::: ~ , T ~ ~ ~ p ~ ~ ~ ; i ~ ~ a ~ e [ " : ~ ~ " n ,  123, 557 

from a different stress pattern. such as that Europan day (3.551 Earth days). This theory (1996). 
due to nonsynchronous rotation (4; 6; 18). 

If Europa's water layer were solid down to 
the silicate layer without a substantial liquid 
layer (tens of kilometers thick), then diulnal 
tidal stress would be madequate to fracture the 
susface because the amplitude of the tidal van- 
ation would be too small. The creation of cy- 
cloidal cracks requires a global ocean to gener- 
ate substantial tidal seess over a d~urnal cycle. 
Even so. the formation of cycloidal cracks ]nay 
require that the ice be weak, because the max- 
imunl tidal stress is <40 kPa (c0 .4  bar). 

With so little stress, how deep can the 
cracks penetrate? Geologic evidence of lateral 
motion. dilation, and strike-slip motion on 
Europa suggests that cracks (including cy- 
cloidal cracks) from the surface penetrate 
down to a low-viscosity layer (13-15: 19. 
20), possibly an ocean. However, with less 
than 40 kPa of tensile stress, as in the case of 
our model of cycloidal cracks, the tensile 
stresses are overwhelined by the compressive 
hydrostatic overburden pressure at the depth 
of only -65111 (21). These cracks could be 
driven to greater depths by the insertion of 
liquid water (22, 23) or of material due to 
mass wasting (analogous to a wedge) (6, 23). 
Cracks may also go to greater depth became 
addirional stress is concenirated at the base of 
the crack (18). but even that concentration is 
unlikely to drive a crack from the surface 
much deeper than - 1 km. 

However, Crawford and Stevenson (24) 
noted that a thicker crust could crack all the 
way through if the crack initiates at the bot- 
tom of the ice layer and liquid water initigates 
the overburdell pressure. They noted that ini- 
tiating a crack at the bottom would be diffi- 
cult because the ice at the base would be 
warnier and thus less brittle than the colder 
ice at the surface. They also pointed out that 
even if a crack could start, it could propagate 
upward through only nine-tenths of the thiclt- 
ness of the ice layer (that is, up to the float 
line), but they speculated that additional forc- 
es would be needed, perhaps from gases dis- 
solved in the water; to drive the crack through 
the remainder of the ice up to the surface. 

Even if such aa ad hoc process acted. it is 
u~likely that cracks could penetrate more than a 
few lulometers on Europa. At that depth, they 
might reach a ductile ice layer, which ill pl-in- 
ciple could have served as the low-viscosity 
layer for lateral motion (19, 25). However, the 
association of cracks with ridge pairs suggests 
that the cracks penetrate to liquid water and not 
just ductile ice (6; 10, 11; 20). Thus ous model 
implies that Europa's ice crust overlies liquid 
water and is thin enough that cracks go all the 
way through. 

Cycloidal lineaments on Europa appear to 

provides a specific time scale that is remark- 
ably short for a major type of geological 
feature. Other icy satellites do not appear to 
have any analog to Europan cycloids, which 
suggests that only Europa has the unique 
characteristics necessaly to form cycloidal 
features: .4 global ocean, substantial diurnal 
tidal stress, and a weak lithosphere. 
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Ultrasonic Deposition of 
High-Selectivity Nanoporous 

Carbon Membranes 
Mark B. Shiflett' and Henry C. FoleyZ 

Ultrasonic deposition creates a thin film of polymer on a tubular, macroporous, 
stainless steel support. Using polyfurfuryl alcohol as the nanoporous carbon 
precursor and a pyrolysis temperature of 723 kelvin, a membrane was prepared 
with the following permeances, measured in moles per square meter per Pascal 
per second: nitrogen, 1.8 X lo-'*; oxygen, 5.6 X 10W"; helium, 3.3 X 10-lo; 
and hydrogen, 6.1 X 10-lo. The ideal separation factors as compared to  that 
for nitrogen are 30:1, 178:1, and 331:l for oxygen, helium, and hydrogen, 
respectively. 

Molecular separations are energy-intensive pro- 
cesses that can be used in a wide spectrum of 
areas. ranging fro111 emerging biotechnologies 
to more classical fuels and chemicals produc- 
tion. The global move toward gseener produc- 
tion is necessarily coupled with the need for 
more energy-efficient, and hence novel, separa- 
tions. Molecular separations based on differ- 
ences in molecular size and shape using ceram- 
ic nlembranes (1; 2) at ainbient temperature are 
pai-ticularly intsiguing; because these materials 
can conduct such separations with less energy. 

'DuPont Central Research and Development, Experi- 
men ta l  Station, Wi lmington,  DE 19880, USA. 'Center 
for  Catalytic Science and Technology, Department  o f  
Chemical Engineering, University o f  Delaware, N e w -  
ark, DE 19716, USA. 

This approach is particularly important for the 
removal of water from biotechnological broths 
in which the hydraulic load is high; but it is just 
as much an issue for gas separations such as the 
separation of nitrogen (N,) from air, which is 
done by energy-intensive clyogenic distillation. 
Ceramic, as opposed to polymeric, membranes 
can operate under harsh conditions and at ele- 
vated te~nperatures (3), such as occur in reactive 
separations Zeolites (4), sol-gels (5), and nano- 
porous cxbo~is  (NPCs) (6) are each candidate 
materials for the preparation of novel size-se- 
lective ceranlic membranes. 

Contin~~ous nanoporous carbon membranes 
can be prepared as thin films supported on 
porous stainless steel by lneans of ultrasonic 
deposition (UD) of polyfurfuryl alcohol (PFA). 
These supported nanoporous carbon mem- 
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