of the Hg-supported LMs, either directly, by
inducing the surface-parallel single- and dou-
ble-layer phases, or indirectly, by imposing a
high m-threshold on the standing-up phases and
thus eliminating the low-m standing-up phases
observed in water-supported LMs. Hg-support-
ed LMs, in which the film thickness and in-
plane structure can be tuned in situ by varying
the surface pressure, and in particular the phas-
es revealed here, may prove more advantageous
for studying nanosized electronic devices than
the fixed-structure thiol self-assembled mono-
layers being used at present (34, 35). They
should provide new insight into the nature of
the molecular-level interactions between organ-
ic and metallic molecules. Understanding such
interactions is a central aim of two very impor-
tant emerging fields: nanofabrication (36) and
biometallic interfacing (37-39). They may also
help to resolve fundamental controversies such
as whether conformational disorder inhibits or
promotes charge transfer across a monolayer in
Hg-organics heterostructured devices (40—42).
Our findings should hopefully lead to studies of
LMs on additional subphases, further elucidat-
ing the subphase’s important role in determin-
ing the LM’s structure, and to studies of LMs of
more complex systems on Hg subphases, such
as fullerenes, nanotubes, and metallic nanopar-
ticles, of much current interest to both basic and
applied science.
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Simulation of Subduction Zone
Seismicity by Dehydration of

L ]
Serpentine
David P. Dobson,’?* Philip G. Meredith,? Stephen A. Boon?

We measured acoustic emission energy during antigorite dehydration in a
multianvil press from 1.5 to 8.5 gigapascals and 300° to 900°C. There was a
strong acoustic emission signal on dehydration, and analysis of recovered
samples revealed brittle deformation features associated with high pore-fluid
pressures. These results demonstrate that intermediate depth (50 to 200 ki-
lometers) seismicity can be generated by dehydration reactions in the sub-

ducting slab.

The origin of intermediate- and deep- (50 to
600 km) focus earthquakes within subducting
oceanic slabs remains enigmatic. At these
depths, rocks should deform by plastic flow
rather than by the sudden brittle deformation
that is prevalent in the shallow crust. Sub-
ducting oceanic lithosphere undergoes chang-
es in mineralogy with increasing pressure and
temperature, and these reactions have been
invoked to explain deep earthquakes (/—4).
Dehydration of the subducting slab and mi-
gration of fluids generates magma below
back-arcs (5, 6), but it is currently unclear
whether these phase transformations can gen-
erate seismicity under the pressure-tempera-
ture (P-7) conditions of the subducting slab.

We performed acoustic emission (AE)
studies of antigorite dehydration between 1.5
and 8.5 GPa under conditions pertinent to
subduction. AEs are high-frequency elastic

'Bayerisches  Geoinstitut, Universitat Bayreuth,
D-95440 Bayreuth, Germany. 2Department of Earth
Sciences, University College London WC1E 6BT, UK.

*To whom correspondence should be addressed. E-
mail: d.dobson®ucl.ac.uk
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waves produced by rapid strain in solids and
are analogous to seismic waves within Earth.
Antigorite is the major hydrous phase in ser-
pentinized peridotites and can be used as a
proxy for hydrous phases in the slab. AE
signals just above the dehydration tempera-
ture demonstrate that elastic strain waves as-
sociated with rapid deformation are a charac-
teristic feature of dehydration under these
conditions.

Experiments were performed in a 1000-
metric-ton split-cylinder multianvil press (7).
Cylinders 3 mm in diameter and 4 mm in
length were cored from a natural Erzgebirge
gamet serpentinite, and garnet-free cores
were chosen as samples. These consisted of
90 to 95% antigorite [Mg,, JFe*T, ,,
Al Fe*™; 581y ,045(0OH),,] with minor
chromium-diopside, olivine, and oxides.
Samples were placed centrally in a stepped
LaCrO, furnace in the high-pressure cell.
Acoustic waveguides were placed between-
the sample and the anvils. We used either
polycrystalline corundum or iron wave-
guides. Corundum has a low attenuation,
maximizing the observed AE signal, but gen-
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erates a large deviatoric stress on the sample.
Iron waveguides maintain a low oxygen fu-
gacity near the sample and ensure that AE
signals are not due to brittle failure of the
waveguides. The two anvils that contacted
the waveguides had AE transducers mounted
directly on their back truncations. Samples
were compressed at room temperature and
annealed at pressure and 350°C for | hour.
They were then heated at a constant rate of
5°C/min to a maximum of 900°C. The dual-
transducer arrangement allowed linear loca-
tion of the source AE from the time differ-
ence between arrivals at each transducer Az
from an AE event.

We observed AE events 100° to 150°C
above the equilibrium dehydration tempera-
ture (8—10) (Fig. 1A). This overstep is due to
the relatively fast heating rates in our exper-
iments as compared to the equilibrium stud-
ies. Despite the metastable overstep, the AEs
followed the form of the phase boundary.
Two separate types of AE were observed. At
pressures below 6.5 GPa, corresponding to
the reaction Mg,gSi;,O45(OH)s, (antigo-
rite) = 14 Mg,SiO, (olivine) + 20 MgSiO,
(enstatite) + 31 H,O (fluid), AEs were con-
fined to very narrow temperature intervals.
Above 6.5 GPa, AEs occurred across a
wide temperature interval of 50°C or more.
This pressure range corresponds to the reac-
tion 5 Mg,Si;,055(OH),, (antigorite) = 14
Mg,Si,05(OH)¢ (phase A) + 142 MgSiO,
(enstatite) + 113 H,O (fluid). Below 6.5
GPa, the dehydration-related AEs consisted
of either a single high-energy event at very
low At within the sample (Fig. 1B), or a small
sample event immediately followed by a
large event at At within the waveguides (Fig.
1C). High-energy events were characterized
by long durations and amplitudes not signif-
icantly higher than those of smaller events.
This type of slow, medium-amplitude event
is typical of propagation along a failure sur-
face, with multiple overlapping small events
that cannot be individually resolved.

We quenched samples from repeat exper-
iments immediately after the large AE. The
sample in Fig. 2A contains typical dehydra-
tion embrittlement features: oxide bands
show displacements of up to 3 um along a
planar surface. The angular relationship be-
tween the plane and the direction of maxi-
mum compressive stress, ¢, is typical of
faults in the brittle regime, and the plane is
decorated with dehydration products. Similar
features have been observed in previous ser-
pentine dehydration studies (/7), but our ex-
periments used realistic slab P-T conditions.
Faulting was not observed in samples recov-
ered from 8 GPa, where dehydration products
were dispersed throughout the sample.

Recovered cells showed fractures within
the waveguides (Fig. 2B) as well as sample
hydraulic embrittlement. There was consider-
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able recrystallization of the corundum wall
material within the fractured waveguide.
MgO-SiO,-Al,0, precipitates were some-
times observed within this recrystallized
zone. The sample was the only source of
silicate in the cell, and we consider precipi-
tates within fractured waveguides, as well as
the degree of recrystallization of fracture

walls, to be evidence of open conduits to fluid
flow during sample dehydration. These fea-
tures probably formed by hydrofracture dur-
ing dehydration, which is consistent with
their orientation with respect to o ;.

We observed three distinct forms of brittle
failure associated with dehydration in our
experiments. Below 6.5 GPa, the sample

T
ﬁ phase A +

10 I]I

[e-]
T

Pressure (GPa)
(o]
T

enstatite
Hjwater

: Fig. 1. AEs during antigorite de-
hydration. (A) P-T phase dia-
gram (8-10) and observed AEs
(small boxes): iron and corun-
dum waveguides are indicated
~ by open and solid boxes, respec-
tively. The height of the boxes
gives the pressure uncertainty.

4 s e . | The large gray box indicates the
S olivinef+ enstatite range of observed AEs from (26).
s bl (B and C) Plots of AE energy
versus temperature for experi-
% ments at (B) 6 and (C) 1.5 GPa,
0 X : : : with corundum waveguides.
- - 60% e - Black symbols represent arrivals
T(C) at At < 0.5 ps and gray symbols
e B represent arrivals at 0.5 ps < At
2 6 GPa < 2.5 ps. The low At arrivals
- correspond to events that orig-
2 inated within the sample and
£ the higher At arrivals corre-
8 E ] spond to waveguide events.
Sl L. ..} o sl s . The large dehydration AEs are
4 400 500 600 700 800 always initiated by an event
5 T (°C) within the sample.
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Fig. 2. Backscattered
electron images of re-
covered samples; g, is
vertical in both imag-
es. (A) A sample re-
covered from 6 GPa
and quenched after
the large AE. The an-
tigorite  groundmass
(Srp) has been faulted
along the plane indi-
cated by the arrow-
heads. The sense of
the fault is dextral,
with a 3-pum displace-
ment, as indicated by
the oxide bands (Ox).
The light material (D)
decorating the fault
consists of a fine-
grained mixture of an-
tigorite  dehydration
products. (B) Recrys-

tallized fracture in a corundum waveguide. The sample is at the top of the image, showing the
olivine-pyrope reaction zone. The region of the waveguide in contact with the sample and within
the fracture has completely recrystallized, indicating considerable fluid flux within the fracture. En,

enstatite; O, olivine; Py, pyrope; Cr, corundum;

r-Cr, recrystallized corundum.
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failed by hydraulic embrittlement as in-
creased pore pressure from dehydration re-
duced the effective normal stress sufficiently
to bring the system into the brittle regime.
Additionally, brittle components surrounding
the sample failed by hydrofracture. Once an
open conduit was established for draining the
sample, significant AEs should cease, which
would be consistent with a single large event.
These mechanisms require a positive volume
change of dehydration; otherwise, elevated
pore pressures will not occur. Above 6.5
GPa, the antigorite dehydration reaction had
a negative Clapeyron slope and volume
change of reaction. In this case, hydraulic
failure would not occur and we interpret the
observed AE to be caused by collapse of the
pressure medium around the reduced sample
volume. This is consistent with a prolonged
series of AEs as the reaction progresses.

Consider a subduction zone with a con-
vergence rate of 10 mm/year and dehydration
at 100 km depth and 600°C. The average
heating rate for this slab is 1071°°C/min as
compared to 5°C/min for the experiments.
Given this difference of 10 orders of magni-
tude, can the natural system drain without
fracturing? Let us assume that the main re-
quirement to avoid brittle failure is to remove
fluid from serpentine bodies, within the slab
in the natural instance or from the laboratory
sample. In addition to hydraulic failure, this
can occur by diffusion, porous flow, or solu-
tion precipitation.

(o)

0\
Fig. 3. Conceptual model of (A) the experimen-
tal geometry and (B) the subducting slab. The
gray regions represent hydrated material and
gray arrows indicate the direction of fluid
draining. Black lines and arrows represent the
mode of brittle failure in different regions. Ex-
periments fail by hydraulic embrittlement
within the sample and by hydrofracture in the
waveguides. Hydrated regions in the slab lie
along an upper zone and within preexisting
faults deep within the slab. Failure in the upper
and lower planes of hydrated slab occurs by
hydraulic embrittlement, but subsequent drain-
ing of the products results in remobilization of
the preexisting faults and further seismicity in
the lower plane. o, and o are the directions of
maximum and minimum compressive stress,
respectively.
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Diffusive processes have a time depen-
dence on distance squared. Thus, for our
subduction scenario, the laboratory data
would be appropriate to a serpentine body
700 m thick. In this scenario, larger bodies
would be more likely to drain by hydraulic
failure than in the experimental system. This
thickness is similar to that of serpentenized
zones in ophiolites. Furthermore, features in
alpine ophiolites suggest that subducting oce-
anic lithosphere can be fractured by dehydra-
tion of serpentine bodies as thin as 1 m (/2).

For porous draining, the maximum thick-
ness of dehydrating material that will not
cause hydraulic failure is related to the
change in porosity during dehydration, the
density difference between fluid and rock,
and the permeability of the surroundings
(13). It is difficult to estimate the permeabil-
ity of the mantle. However, a 5- to 500-m-
thick serpentinite body dehydrating under the
above scenario would require an unrealisti-
cally high mantle permeability (107!% to
10729, more typical of crystalline rocks in
the upper crust (14), in order for hydraulic
failure not to occur.

Solution precipitation can cause fluid in-
clusions to migrate up thermal gradients (15).
Using the model from (/5), the maximum
migration velocities at 400° to 600°C are 0.3
to 10 m per million years, for a generous slab
thermal gradient of 80 K/km at 120 km depth
(16). In the same period, the slab will have
advanced by 10 km. Taking a mean thermal
migration velocity, and assuming that serpen-
tine dehydration occurs within the top 200
km, the maximum thickness of serpentine
body that can be drained by solution precip-
itation is 100 m. The temperature dependence
of migration velocity implies that hydraulic
failure will initiate within the cold slab,
whereas draining by solution precipitation is
possible in the surrounding mantle.

Focal mechanism solutions imply that in-
termediate-depth earthquakes are double-
couple events without volume collapse or
hydrofracture components. Serpentine dehy-
dration can therefore only cause earthquakes
shallower than 200 km (<6.5 GPa). Howev-
er, other dehydration reactions may be viable
at greater depths (/7). Conceptual models for
experimental and slab geometries are illus-
trated in Fig. 3. The experimental geometry
(Fig. 3A) is a sandwich of hydrated sample
between anhydrous waveguides, oriented
along o,. In this case, hydraulic embrittle-
ment occurs within the sample, which trig-
gers fluid release into and hydrofracturing of
the waveguides. The slab model (Fig. 3B) is
considerably different. The upper several ki-
lometers of oceanic crust are strongly hydrat-
ed by hydrothermal activity at mid-ocean
ridges. In addition, the lower oceanic litho-
sphere may be hydrated along outer rise
faults, to depths of several tens of kilometers,

and dehydration along these old fault zones
has been proposed as the source of lower
plane earthquakes (/8, 19). The resulting slab
model is one with a pervasively hydrated
upper zone and sporadic hydration along old
faults below this (Fig. 3B). At intermediate
depths, the maximum compressive stress is
often slab-parallel. Dehydration in the up-
per zone will result in hydraulic embrittle-
ment and double-couple events consistent
with upper plane seismicity (20). Deep slab
regions will suffer hydraulic embrittlement
of dehydrating regions. The released fluid
will be drained from the slab in a process
analogous to the experimental hydrofrac-
ture. In this scenario, however, dehydration
occurs within a preexisting fault zone, and
draining of high-pressure fluid along this
zone of weakness will reduce the effective
normal stress across the fault, allowing
further thrust failure consistent with focal
mechanism and body wave constraints (21, 22).

We observe experimentally that serpen-
tine dehydration results in low-energy events
within the hydrous material but triggers large
events in the stronger surroundings. We pro-
pose a similar hydraulic triggering process
within the lower plane of double seismic
zones, with dehydration embrittlement being
responsible for upper plane seismicity. Low-
amplitude tremors have recently been ob-
served associated with large earthquakes at
intermediate depths below the southwest Jap-
anese subduction zone (23). We suggest that
precursor tremors correspond to our experi-
mentally observed dehydration triggering.
Additionally, similar tremors are observed
associated with magma flow in conduits, and
intermediate-depth tremors after large earth-
quakes (23) might represent fluid draining
similar to that which produced the recrystal-
lization of the waveguides, post-AE, in our
experimental system.
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The Cause of Decreased
Pan Evaporation over the
Past 50 Years

Michael L. Roderick and Graham D. Farquhar*

Changes in the global water cycle can cause major environmental and socio-
economic impacts. As the average global temperature increases, it is generally
expected that the air will become drier and that evaporation from terrestrial
water bodies will increase. Paradoxically, terrestrial observations over the past
50 years show the reverse. Here, we show that the decrease in evaporation is
consistent with what one would expect from the observed large and widespread
decreases in sunlight resulting from increasing cloud coverage and aerosol

concentration.

It is now well established that the surface of
Earth has, on average, warmed ~0.15°C de-
cade™! over the past 50 years (). One ex-
pected consequence of this warming is that
the air near the surface should be drier, which
should result in an increase in the rate of
evaporation from terrestrial open water bod-
ies. However, despite the observed increases
in average temperature, observations from
the Northern Hemisphere show that the rate
of evaporation from open pans of water has
been steadily decreasing over the past 50
years (2). This trend is general (3, 4) but not
universal (5). The contrast between expecta-
tion and observation is called the pan evapo-
ration paradox. It is important to understand
why pan evaporation has decreased despite
the increases in average temperature in order
to make more robust predictions about future
changes in the hydrological cycle.

Two proposals for the decline in pan
evaporation have been advanced: the first
invokes changes in the humidity regime over
the pans (6), whereas the second invokes
reductions in solar irradiance resulting from
more clouds and/or aerosols (5, 7) and is
generally consistent with the independent
suggestion that increased pollution would
weaken the hydrological cycle (8). The first
proposal is that pan evaporation has de-
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creased because evaporation from the envi-
ronment surrounding the pan has increased
(6). The explanation is that in water-limited
environments, when the evaporation from the
adjacent environment is high, the air over the
pan tends to be cooler and more humid, there-
by reducing evaporation from the pan. A
subsequent analysis of rainfall and stream-
flow data from water-limited environments in
both the former Soviet Union and the United
States does apparently show an increase in
evaporation from the environment (9, 10).
However, this explanation for decreasing pan
evaporation is unsatisfactory for two reasons.
First, it only predicts changes in pan evapo-
ration in water-limited environments. The
problem is that some areas are not water-
limited, and in wet environments the evapo-
ration from pans and the surrounding envi-
ronment have both declined (9). Further, if
the proposed mechanism was the important
one, then the vapor pressure deficit should
have decreased. However, data from the
United States show that its average has re-
mained virtually constant over the past 50
years (10). This implies that the second pro-
posal, based on the decrease in solar irradi-
ance, should be further investigated.

Any explanation of the decrease in pan
evaporation must accommodate the follow-
ing: (i) the widespread decrease in pan evap-
oration has occurred in both dry and wet
environments, and (ii) the average vapor
pressure deficit (D, measured in Pa) has re-
mained more or less constant despite increas-
es in the average temperature. Decreases in
solar irradiance would be consistent with (i),
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and here we specifically address the second
itemn.

The key question is: How could D remain
nearly constant despite increases in average
temperature? We note that D is defined by

D= es(T) - es(Td)a (l)

where e_ (measured in Pa) denotes the satu-
ration vapor pressure at the temperature (7)
and dew point (7,) of the air. To first order,
the change in D is given by

8D = s8T — 58T, (2)

where s and s, are the slopes of the saturation
vapor pressure-temperature relationship at T
and T, respectively. T'is larger than T;, and s is
larger than s,. 3D would be zero if 8T,/5T were
equal to s/s,. Averaged over a day, s/s, depends
on both the average T and the diurnal temper-
ature range (DTR). This ratio is typically a little
greater than 2 for a sunny day with a large DTR
but a little less than 2 on cloudy days with a
lower DTR (Table 1). Taking a typical value of
s/s4 as 2 (Table 1), it follows that 8D would be
zero provided that 87, is double 87. That is
important, because globally averaged measure-
ments over the past 50 years show that while
the average T has been increasing (~0.15°C
decade™!), the average minimum 7 generally
has been increasing twice as fast (~0.2°C de-
cade™!) as the average maximum 7 (~0.1°C
decade™!) (1). When above the freezing point,
the dew point will in general set a lower limit
on the minimum 7. Thus, the observed increase
in minimum 7 implies that the dew point must
also be increasing faster than the average T.

Table 1. Variation in the ratio s/s, as a function of
T assuming three different T, (T, = 5°, 15°, 25°C).

T (°C) s/sg
T,=5Cs, = 61PaK™"
10 136
15 1.80
20 2.38
25 3.10
T, = 15°Cs, = 110 Pa K"
20 132
25 1.72
30 2.22
35 2.84
T, = 25°Cs, = 189 Pa K~
30 1.29
35 1.65
40 2.08
45 261
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