objects (Fig. 3a) are ruby crystals, whose
high relief is caused by their high re-
fractive index relative to the surround-
ing hydrogen crystals. The gray-toned
crystals (Fig. 3b) are the high-pressure
phase, surrounded at the crystal margins
with the light-colored, low-pressure lig-
uid at this transition point. Relief along
the boundaries is the Becke line, in-
dicating that the high-pressure phase is
considerably denser than the low-pres-
sure phase.

As the pressure was increased above
57 kbar, the low-pressure phase dis-
appeared, and the high-pressure phase
became compressed and its refractive in-
dex increased. The ruby crystals became
clear, and the visible boundary line be-
tween ruby and high-pressure hydrogen
crystals disappeared at 360 kbar (Fig.
3¢). Thus, the refractive indexes of the
two materials had become the same. Ac-
cordingly, the results of calculations in-
dicate that the density of the high-pres-
sure hydrogen crystals had increased.
The crystals were colorless at first, but
they appeared to obtain a yellowish tint
in some parts of the cell. A calculation of
the specific gravity based on estimates of
the average refractive index of this high-
pressure phase gives 0.6 to 0.7 at 360
kbar. Between 360 and 500 kbar, no fur-
ther changes were noted, except perhaps
a slight darkening of the yellow color and
a continuous increase in the index of re-
fraction of the hydrogen phase relative to
ruby.

The solidification is not observed to
have the type of hysteresis associated
with order-disorder transformations due
to varying proportions of the ortho and
para spin states of molecular hydrogen
(6). Nevertheless, it is probable that both
of these phases of hydrogen contain a
mixture of states, possibly disordered.

Implications. The solidification point
(57 kbar) observed at room temperature
in this study is very close to that predict-
ed (7). The room-temperature solid
phase observed to 500 kbar in this study
is not related to the known, complex,
low-temperature structural transforma-
tions in hydrogen and does not appear to
change at approximately 120 kbar, which
was calculated for the transformation.
©).

The specific-gravity value of 0.6 to 0.7
for the high-pressure phase at 360 kbar
agrees within the uncertainty with the
values for generalized models of solid
hydrogen calculated from theory by Lib-
erman (8) and Ross and Shishkevish (/).

There is no direct evidence in the pres-
ent experiments on which to base a
choice of the physical process by which
hydrogen will become (i) conducting in
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the molecular state or (ii) an atomic-like
superconducting metal. A gradual, high
order-type transition to the metallic
state, similar to the metallic transition in
iodine, could occur in hydrogen, and it
has been stressed, for example, that
measurements of electrical conductivity
alone in high-pressure experiments with
hydrogen are likely to be ambiguous (/).
The liquid and the new high-pressure
phase of hydrogen are amenable to fur-
ther characterization by measuring the
Raman spectra, visible and near-infrared
spectra, and electrical and magnetic
properties. A separate set of experi-
ments will be required for the generation
of pressures on solid hydrogen above 500
kbar because of the nature of this tech-
nique (2). At present there is no reason
to believe that pressures above 500 kbar
on hydrogen cannot be achieved with the
diamond-anvil, high-pressure apparatus.
H. K. Mao, P. M. BELL
Geophysical Laboratory,
Carnegie Institution of Washington,
Washington, D.C. 20008
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Mars Gravity: High-Resolution Results from Viking Orbiter 2

Abstract. Doppler radio-tracking data have provided detailed measurements for a
martian gravity map extending from 30°S to 65°N in latitude and through 360° of
longitude. The feature resolution is approximately 500 kilometers, revealing a huge
anomaly associated with Olympus Mons, a mascon in Isidis Planitia, and other
anomalies correlated with volcanic structure. Olympus Mons has been modeled with
a 600-kilometer surface disk having a mass of 8.7 X 10*' grams.

On 25 October 1977, the periapsis alti-
tude of the Viking Orbiter 2 spacecraft
was lowered to 300 km. This event pro-
vided a unique opportunity for the acqui-
sition of nearly global, detailed measure-
ments of the martian gravity field. Ear-
lier data had been acquired with the
spacecraft at much higher altitudes
where gravity effects were significantly
attenuated and feature resolution was
very limited. These analyses (/-3) re-
vealed principally the regional Tharsis
gravity high and flanking lows in the
Chryse and Amazonis lowlands. Some
investigators (2) determined the Hellas
basin as a gravity low. Using a very lim-
ited set of data from Viking Orbiter 1 at a
periapsis altitude of 300 km, Sjogren et
al. (4) provided some corroborating re-
sults for Olympus Mons and Alba Pa-
tera; but the zone of maximum sensitivi-
ty is very narrow, and these results are
overshadowed by the much greater de-
tail and coverage of the Viking Orbiter 2
data.

The Viking Orbiter 2 data were ob-
tained at a fortuitous time. A variety of
problems had arisen in earlier observing
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periods: (i) the Earth-Mars distance was
larger, and thus the return signals were
weaker; (ii) the signal path was in closer
proximity to the sun, and thus there was
larger corruption by the solar plasma;
(iii) occultation of the periapsis region
occurred; and (iv) the periapsis altitude
was larger. During the data collection
from 25 October 1977 through March
1978, all of the above problems were
eliminated and the line of sight from
Earth was never more than 20° from
the orbital plane of the spacecraft. This
geometry allowed an almost direct mea-
sure of the vertical component of gravi-
ty; the periapsis altitude was between
270 to 300 km. The 80° orbital inclina-
tion of Viking 2 was another favorable
factor, which made possible extensive
coverage in latitude.

The requested tracking coverage was
not obtained because of the many con-
flicting demands on the tracking station
time. The resulting gaps in coverage are
seen in Fig. 1, in which the near-vertical
lines represent the locus of the space-
craft during the data taking. The Doppler
signal was sampled every 10 seconds,
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which provided at least six Doppler data
over a 300-km feature. The goal was to
obtain orbital tracks every 4.5° or 270 km
so that near-periapsis resolution could be
uniformly preserved at the 300-to 500-km
level. This data-acquisition strategy was
based on the general empirical rule that
the resolution of gravity features is-ap-
proximately proportional to the space-
craft altitude. The data span for each arc
is 1 hour before and 1 hour after peri-
apsis (5). Since the spacecraft altitude is
less than 1000 km for only 26 minutes,
the high-resolution region near periapsis
is well covered.

The data were reduced in two steps.

65°
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The first step was a direct mapping of the
line-of-sight (LOS) accelerations, in
which I applied the same method as that
used to map the lunar front-side gravity
field (6, 7). In the second step, I selected
orbital tracks over prominent gravity
features (as determined in the first step)
and estimated surface masses for those
features using a least-squares filter on
the Doppler data.

To produce the acceleration mapping,
the raw Doppler observations were re-
duced with a large orbit determination
program (8) that accounted for the major
Doppler components such as the effects
from solar and planetary perturbations,

60° 40°

Longitude (deg)

Earth rotation, and the orbital motion of
the spacecraft. The martian gravity field
model was held fixed with a 4th-degree
and order model (/), and only the space-
craft position and velocity components
were estimated (9). Each 2-hour arc of
data was independently reduced to ob-
tain Doppler residuals. Patched cubic
splines were fitted in a least-squares
sense to the Doppler residuals and were
analytically differentiated to produce
LOS accelerations. The accelerations
were plotted as a function of the space-
craft latitude and longitude at the cor-
responding time. Contour lines were
then inserted to produce a smooth map-

)
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g gl
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300° 220°

Fig. 1. Diagram of the data coverage. Lines represent the surface tracks of the Viking Orbiter 2 spacecraft during orbits of good Doppler data. The
tick mark on each line indicates the periapsis location.
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Fig. 2. Doppler residuals and LOS accelerations: (a) and (b) over Isidis Planitia; (c) and (d) over Olympus Mons; 1 Hz = 65 mm/sec.
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Table 1. Mass estimates.

Lati- l\::asit_ Disk Masst
Feature tude* g* radius* (x 10 Date
(deg) ~ nde (km) 9
(deg)

Olympus Mons 18.0 133.5 300 8.6 12 December 1977
Olympus Mons 18.0 133.5 300 8.8 19 January 1978
Alba Patera 40.5 109.0 450 2.8 14 December 1977
Arsia Mons -9.0 120.5 180 2.3 28 February 1978
Elysium Mons 25.0 213.5 120 1.7 11 January 1978
Isidis mascon 12.0 271.0 240 0.8 S January 1978

*Held fixed. 1Estimated parameter.

ping over most of the northern hemi-
sphere and part of the southern.
Examples of the Doppler residuals and
LOS accelerations are shown in Fig. 2.
The data noise level of 0.01 Hz is well
below the systematic signatures. The
Isidis and Olympus Mons anomalies are
seen as prominent peaks that are derived
from the steep gradients in the Doppler
residuals plotted in Fig. 2, a and c, re-
spectively. Periapsis was at 31°N latitude
at the beginning of the data set and
moved linearly southward to 17°N at the
end. Since arcs are interspersed over
several circulations (I0) of the planet,
adjacent profiles are not at precisely uni-
form altitudes and some averaging was
applied in the final contouring.
Although the reduction method that
was used preserves the high-frequency
variations in the data, there are some ad-
verse effects caused by the use of this ap-
proach. The primary effect is that the
true  amplitude of the peak anomalies
(both positive and negative) may be re-
duced by 20 to 30 percent (//). Some
small artificial anomaly values may be in-
troduced on the sides of larger peaks.
The orbital geometric effects also distort
the sampling of the vertical gravity com-
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ponent. Thus, before the acceleration
profiles are used for any quantitative es-
timates, these effects must be removed
or accounted for. One should also re-
member that these accelerations are at
spacecraft altitudes that vary ~ 500 km
(Fig. 2) over the mapped zone.

The result of combining the LLOS ac-
celeration profiles into a gravity map is
shown in Fig. 3. The correlation with
topographic features is very evident. The
most striking feature is Olympus Mons
(18°N, 133°W), which is by far the largest
gravity anomaly on Mars. It has a value
of 344 mgal at a spacecraft altitude of
275 km. The largest anomaly detected on
the moon was the Mare Serenitatis mas-
con, producing 246 mgal at 27-km alti-
tude or 92 mgal at 120-km altitude (12).
Since mascons are located in topograph-
ic depressions, their free-air gravity am-
plitudes are significantly reduced. In ad-
dition to the anomaly associated with the
Olympus volcanic mountain, there is al-
so a noticeable broadening in the anoma-
ly to the northwest, which could possibly
correspond to flows from Olympus Mons
or a dense subsurface structure.

Alba Patera (40.5°N, 109°W), although
not the most noticeable topographic fea-

d

20° 0° 340° 320°

Longitude (deg)

300°

ture (13), has a sizable gravity anomaly.
This anomaly could also be an indication
of a dense subsurface structure. The
three volcanoes on the Tharsis ridge
(= 110°W), Ascracus Mons, Pavonis
Mons, and Arsia Mons, have positive
anomalies associated with them. The
peak amplitudes of these anomalies were
not obtained because tracking data were
not acquired when the spacecraft passed
directly over the features. There was an
orbital track half way between Pavonis
Mons and Arsia Mons that showed an
anomaly encompassing both of these
volcanoes. Arsia Mons and Ascraeus
Mons stand out somewhat because they
were also detected from orbits several
degrees to the west and east, respective-
ly (Fig. 1).

The Elysium Mons region (25°N,
213.5°W) is another volcanic area that
has a well-defined anomaly. The anoma-
ly is nearly centered over Elysium Mons
but it is much broader than Elysium
Mons itself, which suggests that an ex-
tensive subsurface structure may exist.
Although there are orbital tracks near
the Hecates volcano (32°N, 210°W),
there does not appear to be an anomaly
associated with it.

Isidis Planitia (12°N, 271°W), which is
a topographic depression (/3), contains a
mascon (/4). The entire surrounding re-
gion has a negative gravity anomaly, but
in the midst of it there is a positive anom-
aly. Its relative amplitude is approxi-
mately 60 mgal, and it is comparable in
size to the lunar mascons (7). This is the
first such feature found on Mars, and it is
most probably (/5) the only one in the
northern hemisphere.

The Valles Marineris structure lies in a
gravity low. There is 2 minimum at the
widening associated with Ophir Chasma,

280°  260°  240° 200° 180°

220°

Fig. 3. Contoured LOS accelerations. Contours are at 10-mgal intervals, except those notated at Olympus Mons (18°N, 133°W). These accelera-
tions are in addition to a 4th-degree and order background field (/). Accelerations are at spacecraft altitudes that were approximately 1000 km at

70°N, 300 km at 25°N, and 1000 km at 30°S.
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Condor Chasma, Melas Chasma (5°S,
75°W), and the mouth of Valles Mari-
neris itself (0°, 30°W). There are broad
positive anomalies directly associated
with Arcadia Planitia (49°N, 14.5°W) and
Utopia Planitia (40°N, 225°W).

Near the resolution limits of the data
are the large craters such as Cassini
(24°N, 328°W) and Antoniadi (21°N,
299°W). Although there are good profiles
over these features, the mapping does
not show any anomaly associated with
them. After some study (/6), two pos-
sible explanations remain: (i) that the
craters are very shallow (< 200 m) and
therefore have very small anomalies
beyond our resolution, or (ii) that they
have undergone significant isostatic ad-
justment. New detailed data on the topo-
graphic relief must be obtained before
this question can be resolved.

Care must be exercised in the direct
application of the numerical values
shown in Fig. 3. In addition to the dis-
torting effects mentioned above, there
are also the effects of averaging and in-
terpolation in the contouring of the pro-
files. In many cases, peak variations may
never have been sampled as a result of
gaps in the data coverage. Moreover, the
accelerations due to a 4th-degree and or-
der background field (/) have been re-
moved. The maximum effect of the 4th-
degree field is an additional 350 mgal at
spacecraft altitude in the Tharsis region.

In the second step of the data reduc-
tion, quantitative estimates of model
masses were sought that would repro-
duce the data signatures. The approach
used was the direct method of fitting to
the raw Doppler observations rather
than to the LOS profiles (/7). The reduc-
tion proceeded in the following manner.
A 2-hour arc of Doppler data that passed
over or as near as possible to a feature of
interest was selected. An orbit determi-
nation program (I8) having a fixed 4th-
degree and order spherical harmonic
field (/) operated on the data in essen-
tially the same manner as described ear-
lier. However, in this case the masses of
approximately ten surface disks (/9)
were estimated in addition to the six
components of spacecraft initial position
and velocity. One disk whose radius was
fixed at the visible feature size was cen-
tered at the particular feature of interest
whereas the other disks were placed be-
neath the orbit track at intervals of 10° to
20°, depending on the spacecraft alti-
tude. These nine other disks were used
to ‘‘absorb’ other mass effects that
might cause the Doppler residuals to
have biases and corrupt the mass esti-
mate of the feature of interest. The Dop-
pler residuals after the fit had a standard
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deviation of 2 mm/sec (data noise level,
~ 1 mm/sec), and the sum of the squares
of the residuals had been reduced by a
factor of 600. Mass estimates for several
features are shown in Table 1. The un-
certainty in the estimates is approxi-
mately 10 percent, and the correlations
between adjacent disk masses were less
than 0.6.

The average mass estimate of Olym-
pus Mons (8.7 = 0.5 x 10*' g) can be
compared with estimates obtained from
topographic volume estimates and an as-
sumed density of 3.0 g/cm®. The volume
estimates produce masses of 7.8 x 10%' g
(20) and 6.3 x 10*' g (21). These esti-
mates are smaller than the gravity mass
estimate and suggest that Olympus Mons
has not undergone any isostatic adjust-
ment. There is also the possibility, if the
volume and density are reasonably cor-
rect, that denser material lies beneath
Olympus Mons. This mass-loading pro-
duces a compressive stress of 1.7 kbar
(22). The other volcanic features listed in
Table 1 have mass estimates which are
less by a factor of 3 to 4 than that of
Olympus Mons. I could not find in the
literature estimates of volume for these
features, except for Arsia Mons (27) for
which an assumed density of 3.0 g/cm
produced a mass of 2.8 x 10?! g.

The Isidis mascon has a mass and size
very similar to the lunar mascon in Mare
Humorum [S.1 X 10%° g (23)]. A possible
scenario for its formation is that Isidis
Planitia was once a very deep impact ba-
sin that underwent considerable isostatic
adjustment during a period when Mars
was much warmer. Much later (~ 10°
years), when the crust was thicker and
more rigid, erosional deposits accumu-
lated in the basin. Essentially no addi-
tional isostatic adjustment occurred at
this later time, and the present anomaly
exists as a result of Moho relief with only
a modest depression in the crust.

The impact of these results on the
present geophysical interpretation (24) of
martian internal structure should be sig-
nificant. The feature resolution of earlier
measurements was very broad and re-
vealed only the most global variations.
Now areas such as Olympus Mons, Ely-
sium, and the Isidis basin have very dif-
ferent locations on a plot of observed
gravity versus the gravitational equiva-
lent of topography [figure 1 in (24)].
These features are no longer in the two
populations encompassed by the narrow
ellipsis of (24) and will require modified
explanations to justify their existence in
present internal structure models. For
example, the theoretical surface gravity
is 1200 mgal for the simplified disk model
of Olympus Mons presented in Table 1.

This essentially uncompensated 600-km
feature produces kilobar stresses that de-
mand a thick rigid lithosphere, or some
rather unique scenario about very young
topography obtained on a presently seis-
mically inert planet.

A gravity contour map over most of
the northern hemisphere of Mars has re-
vealed new anomalies directly associat-
ed with such visible topography as
Olympus Mons, Alba Patera, Ascraeus
Mons, Pavonis Mons, Arsia Mons, Ely-
sium Mons, Valles Marineris, and Isidis
Planitia. The larger craters, Cassini and
Antoniadi, produced no detectable varia-
tions. The very large Olympus Mons
anomaly should have a very significant
impact on geophysical modeling. Simi-
larly, the Elysium anomaly and the Isidis
mascon should place constraints on in-
ternal structure. Gravity in the southern
hemisphere of Mars remains poorly re-
solved; the anticipated acquisition of Vi-
king Orbiter 1 radio-tracking data in Sep-
tember and October 1978 should extend
the 500-km resolution to 40°S.

WiLLiaM L. SJIOGREN
Jet Propulsion Laboratory,
California Institute of Technology,
Pasadena 91103
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The Estuarine Surface Microlayer and Trace

Metal Cycling in a Salt Marsh

Abstract. The aqueous surface microlayer in a Delaware salt marsh carries an
average of 10 percent of the copper, 19 percent of the zinc, and 23 percent of the iron
relative to the total metal flux including the dissolved and seston components. Such
trace metals cycle in the salt marsh by net import on the surface microlayer and net
export in the dissolved and seston components during maximum monthly tides.

Salt marshes represent an important
interface between the land and the sea
(1), and those dominated by the macro-
phyte Spartina alternifiora are foci for
intense biological activity (2). Although
nutrients and dissolved organic carbon
are important exported elements (3, 4),
the salt marsh also seems to be a source
for dissolved and particulate organic ma-
terials such as those that collect at the
surface microlayer (5). A surface micro-
layer resides on top of most natural bod-
ies of water, and normally it is enriched
in organic and metal-bearing materials
©, 7). Moreover, the surface microlayer
appears to be a source of atmospherical-

ly mobilized aerosols through turbulent
bubble fractionation (8). However, the
surface microlayer is a complex region
whose thickness (typically less than 100
um) changes in response to environmen-
tal conditions and whose composition
comprises a collection of hydrophobic or
surface-active materials, particulates,
and even biological organisms (9). Often
the surface microlayer is operationally
defined depending on the mode of collec-
tion with devices such as meshes, acti-
vated drums, or booms.

We examine here the tidal budgets of
the trace metals copper, zinc, and iron,
carried as (i) dissolved, (ii) particulate,

Table 1. Trace metal concentrations at the mouth of the Canary Creek salt marsh, averaged
over the spring, summer, and fall of 1975; ppb, parts per billion.

Averages for the Copper Zinc Iron

tidal cycle (ppb) (ppb) (ppb)
Water, flood 1.2 = 0.07 1.3 = 0.07 143 = 0.8
Water, ebb 1.3 = 0.08 1.6 = 0.08 39.0 = 2.0
Microlayer, flood 14,800 103,400 13.9 x 10¢
Microlayer, ebb 13,800 90,400 15.4 x 10°
Particulate, flood (39.4 mg/liter) 37,200 169,000 20.1 x 108
Particulate, ebb (65.4 mg/liter) 26,000 139,000 18.4 x 108
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and (iii) microlayer components fluxing
in and out of a salt marsh with the tides.
One can evaluate the capacity of the sur-
face microlayer to concentrate and trans-
port trace metals in a salt marsh by col-
lecting and analyzing dissolved and ses-
ton materials separated by filtration,
together with the total surface micro-
layer. These three sample types (water,
seston, and surface microlayer) were
gathered periodically over both ebbing
and flooding tides in Canary Creek
Marsh, Lewes, Delaware (Fig. 1) in the
spring, summer, and fall of 1975 at the
terminus of the marsh (Pilot Town
Road). Canary Creek salt marsh is rela-
tively undisturbed and quite typical of
those salt marshes bordering many es-
tuaries and bays of the U.S. East Coast.

Water samples were collected with an
uncontaminating plastic pole with a
bottle opening at depth and filtered
through 0.3-um, acid-washed glass fiber
filters. We analyzed the samples for dis-
solved trace metals, using ammonium
pyrrolidine dithiocarbamate as a chelat-
ing agent and methyl isobutyl ketone for
solvent extraction (/0). The water ex-
tracts were dried and then digested with
hot nitric acid. The surface microlayer
was collected during tidal flows with an
acid-cleaned, V-shaped polyvinyl chlo-
ride boom (7), which acts to rapidly col-
lapse hydrophobic and particulate mate-
rial associated with the surface micro-
layer at its apex in convenient, water-
free gram-size quantities. Solid samples
of freeze-dried microlayer material and
filtered seston were dried at 75°C and
leached with hot nitric acid. All nitric
acid digests were made to a constant vol-
ume and analyzed by atomic absorption
spectrophotometry.

We calculated the trace metal budgets
for the marsh (//) from the integrated
mass of the water multiplied by the trace
metal concentrations in the water, ses-
ton, and surface microlayer materials
collected periodically over the tidal
cycle. We monitored the salt marsh only
during maximum monthly tides so as to
consistently sample during periods of
complete inundation and flushing of the
marsh. The amount of freshwater drain-
age in Canary Creek during the sampling
periods was negligible, with total salinity
excursions of less than 3 per mil. During
sampling times, the marsh is assumed to
be flooded with the measured quantity of
water and seston to greater than 98 per-
cent of its area, which is covered with a
uniform surface microlayer to an average
thickness of 1.5 um. The thickness of the
surface microlayer is extremely difficult
to quantify in situ under all sampling
conditions; we judged it on several occa-
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