
other morphological changes that reflect an
earlier automatic response on the part of the
plants to the selective pressures of seedbed
and harvesting (the adaptive syndrome of
domestication) (1, 2, 17). The intact Cucur-
bita seeds from the Archaic period occupa-
tions of the cave provide evidence, in terms
of size increase, that such an adaptive re-
sponse to seedbed selective pressures had
occurred by ca. 9000 14C years B.P. (ca.
10,000 calendar years B.P.) In the initial
analysis of theCucurbita assemblage from the
cave (9), no clear morphological criteria
were stated for assigning domesticated status
to the Guilá Naquitz Cucurbita seeds, includ-
ing the single seed recovered from zone D
that was identified as domesticated. An in-
crease in size above that documented for
wild seeds has been the standard criterion for
identifying the seeds of domesticated C. pepo
(11–13, 17). The 35 late Pleistocene (ca.
12,500 14C years B.P.) seeds of a wild Cu-
curbita gourd recently recovered from Amer-
ican mastodon (Mammut americanum) dung
deposits at the Page-Ladson site in Florida
(12) provide a good wild baseline of compar-
ison. The single seed from zone D of Guilá
Naquitz has length and width dimensions
(10 by 7 mm) that fall close to the average
values (9.87 by 6.62 mm) of the Page-Ladson
wild seed assemblage (range 8.73 to 11.15 mm
and 5.07 to 7.60 mm), and thus it cannot be
considered as evidence for the presence of
domesticated C. pepo. Of the five measured
seeds from zone C of Guilá Naquitz, four fall
within or close to the upper end of the Page-
Ladson size range in terms of length, although
one has a length of 13.8 mm (Table 1 and
Figs. 1 and 2C). The AMS 14C date on this
largest of the zone C seeds is 8910 14C years
B.P. (ca. 9900 calendar years B.P.) (Table 1
and Fig. 1). Seven of the eight zone B seeds
also exceed the size range of the wild compar-
ative baseline population (range 11.4 to 17.0
mm) (Fig. 1). Samples from five of these
seven large zone B seeds have AMS 14C ages
of 7610 to 8990 14C years B.P. (ca. 8400 to
10,000 calendar years B.P.) (Table 1 and Fig.
1). The largest and oldest of these dated zone
B seeds was comparable in both size and age to
the AMS-dated zone C seed. Taken together,
these two seeds, both of which exhibit mar-
ginal ridge and hair characteristics diagnostic
for C. pepo (3) (Fig. 2C) and are 18 to 24%
larger than the largest of the wild baseline
Page-Ladson seeds, imply the presence of do-
mesticated C. pepo ssp. pepo in Guilá Naquitz
cave by ca. 9000 14C years B.P. (ca. 10,000
calendar years B.P.).

The temporal and developmental pattern
of automatic adaptive response (increase in
seed size) preceding deliberate human selec-
tion (change in fruit shape and color) in the
Guilá Naquitz squash closely parallels the de-
velopmental sequence documented for the

domestication of the other major lineage of
C. pepo squash (C. pepo ssp. ovifera) in eastern
North America, in which an increase in seed
size preceded any changes in fruit morphology
(11, 16). The domesticated C. pepo from
Guilá Naquitz opens up considerable room for
debate regarding the timing, context, and
causes of agricultural origins in Mesoamerica,
while also underscoring the need for further
excavation of early agricultural cave and river
valley settlements of the Archaic period in
different regions of Mexico.
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North and Northeast Greenland Ice Discharge
from Satellite Radar Interferometry

E. J. Rignot,* S. P. Gogineni, W. B. Krabill, S. Ekholm

Ice discharge from north and northeast Greenland calculated from satellite radar inter-
ferometry data of 14 outlet glaciers is 3.5 times that estimated from iceberg production.
The satellite estimates, obtained at the grounding line of the outlet glaciers, differ from
those obtained at the glacier front, because basal melting is extensive at the underside
of the floating glacier sections. The results suggest that the north and northeast parts
of the Greenland ice sheet may be thinning and contributing positively to sea-level rise.

The traditional view on the mass balance
of the Greenland ice sheet is that accu-
mulation of mass (mostly snow) in the
interior regions is released to the ocean
through surface ablation (or melting) and
calving of icebergs (1). Of all three com-
ponents of the mass balance, snow accu-

mulation is the best known from measure-
ments of snow pits and ice cores across the
ice sheet (2). Observations of surface melt
rates are comparatively limited and re-
stricted to the western marginal zone (3).
Iceberg calving is the least known of the
components (4). Iceberg production has
been estimated in the west (5), north, and
northeast (6) of Greenland by means of
repeated aerial photography. The velocity
of the calving front is measured by track-
ing distinctive patterns of crevasses over
time. Ice thickness is deduced from the
height of the calving front. Immediately
inland of the calving front, ice thickness is
not well known (7), surface features are
more subdued, and locating the grounding
line, which is where a glacier detaches
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from its bed to become afloat in the ocean,
is difficult (8).

Satellite radar interferometry permits a
systematic, detailed, and precise mapping of
the grounding line of outlet glaciers (9, 10).
The grounding line is a natural boundary
for calculating ice discharge because the
entire ice volume that crosses it eventually
melts into the ocean. We mapped the
grounding line of north and northeast
Greenland glaciers (Figs. 1 and 2) (11),
using radar data from the Earth Remote

Sensing satellites (ERS-1 and ERS-2), and
estimated their ice discharge at the ground-
ing line. This part of Greenland includes
large sections of floating glacier ice, which
are preserved because of the low glacier
slopes combined with the constraining ef-
fect of permanent sea ice in the fjords (12).

We used a high-quality digital elevation
model (DEM) of north Greenland (13) to
estimate the thickness of the floating gla-
cier sections in this region, assuming that
the glacier ice is in hydrostatic equilibrium

(14). To assess the accuracy of the method,
we compared the elevation data to ice
thickness data obtained by an ice sounding
radar (ISR) (15) and to laser altimetry data
(AOL) (16) collected along single longitu-
dinal profiles crossing the grounding line of
the three largest glaciers (Figs. 2 and 3).
The comparison shows that hydrostatic
equilibrium is first reached about 1 to 2 km
downstream from the interferometrically
derived grounding line or hinge line (11).
Near that location, the DEM-derived thick-
ness is within 10% of the AOL-derived
thickness and the ISR data.

Ice discharge was calculated along profiles
located 1 km downstream from the hinge line
and parallel to it, as the integral of the product
of the DEM-derived ice thickness with the
velocity component perpendicular to the
grounding line. Over the floating section of a
glacier, the vertical gradient in velocity is
negligible (17), so the ERS-derived velocities
represent vertically integrated velocities. The
actual ice velocity vectors were obtained by
combining the line-of-sight component of the
velocity procured by radar interferometry with
flow direction information provided by the
prominent glacier flow lines in the radar am-
plitude images (Fig. 2). The precision of the
measured perpendicular component of the ice
velocity is 4% (18).

Combined together, the analysis implies
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that the 14 glaciers discharge 49.2 km3/year
of ice into the ocean (10% uncertainty)
(Table 1). This ice volume is 3.5 times that

discharged at the glacier front (6). The
largest difference is recorded on Petermann
Gletscher, where the grounding line flux is
22 times the glacier-front flux.

If the floating glacier sections are in
steady-state conditions, the ice flux de-
crease implies that they are melting (19). If
they are not in steady state, they should be
thickening instead, because not enough ice
passing the grounding line reaches the gla-
cier front. AOL data collected in 1995 and
1996 on Petermann Gletscher, however,
indicate that the glacier tongue did not
thicken at detectable levels (.1 m) over 1
year. Therefore, we assume that the ice
tongue is in steady state and the ice flux
decrease is due to melting. On Petermann
Gletscher, the inferred steady-state melt
rate is 12 m/year, and peak values exceed 20
m/year near the grounding line (10).

The few observations in north and
northeast Greenland suggest that surface
melt rates are less than 3 m/year (20). Thus,
the only possible explanation for the ice-
flux decrease is that the ice tongues lose
mass through extensive melting at the base
of the glaciers. If we assume a surface melt
rate of 2 m/year for the floating tongues (6),
basal melting must average 10 m/year on
Petermann Gletscher, 8 m/year on Niogha-
lvfjerdsbræ Gletscher, and 6 m/year on Za-
chariae Isstrøm to explain the results in
Table 1. These values are high compared
with the 1 to 2 m/year average basal melt
rate of Antarctic ice shelves (21), but are
comparable to the localized high basal melt
rates (7 to 10 m/year) measured on several
Antarctic tidal outlet glaciers (22).

The outlet glaciers of north and north-
east Greenland will maintain a state of
balance if the mass discharged at the

grounding line is compensated by an equal
amount of mass accumulating in the interi-
or regions, which nourishes them with gla-
cier ice. Over our study area, the predicted
balance grounding line discharge for an ice
sheet in balance is 41 km3/year (23), which
is less than the discharge of 49 km3/year
measured with the ERS data. If these esti-
mates are correct, this means that north and
northeast Greenland glaciers discharge an
excess 8 km3/year of glacier ice into the
ocean, which is equivalent to a 7-Gt/year
mass loss (with an ice density of 0.917), a
0.02-mm sea-level rise, or a decrease of 2.5
cm/year in surface elevation averaged over
the total area above the grounding line
(332,100 km2). The northern sector of the
Greenland Ice Sheet is therefore thinning
and gives a positive contribution to sea-
level rise.

Our results cannot be extrapolated easily
to the entire ice sheet because small float-
ing glacier sections exist elsewhere—for ex-
ample, along the western coast (5, 12).
These floating sections may still generate
large amounts of basal melt water, because
basal melting is often most pronounced
near the grounding line, where tidal pump-
ing is most efficient and where the glacier
draft reaches the deepest waters (21, 22).
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10 m (15). Georeferencing of the ERS data is accu-
rate to within 80 m. The AOL/ISR profile for Niog-
halvfjerdsbræ Gletscher is not optimal because it is
too close to the ice margin and almost parallel to the
grounding line (Fig. 2). The AOL- and KMS-derived
thicknesses calculated upstream (south) of the
grounding line are in error because the glacier ice is
not in hydrostatic equilibrium.
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Surface Composition of Kuiper
Belt Object 1993SC

Robert H. Brown, Dale P. Cruikshank, Yvonne Pendleton,
Glenn J. Veeder

The 1.42- to 2.40-micrometer spectrum of Kuiper belt object 1993SC was measured
at the Keck Observatory in October 1996. It shows a strongly red continuum reflec-
tance and several prominent infrared absorption features. The strongest absorptions
in 1993SC’s spectrum occur near 1.62, 1.79, 1.95, 2.20, and 2.32 micrometers in
wavelength. Features near the same wavelengths in the spectra of Pluto and Nep-
tune’s satellite Triton are due to CH4 on their surfaces, suggesting the presence of a
simple hydrocarbon ice such as CH4, C2H6, C2H4, or C2H2 on 1993SC. In addition,
the red continuum reflectance of 1993SC suggests the presence of more complex
hydrocarbons.

Ever since Kuiper (1) postulated a remnant
population of solar system objects just be-
yond the orbit of Pluto, there has been
speculation as to the existence and nature
of these objects, as well as to whether they
are representative of the small bodies from
which all the known planets are thought to
have arisen. Because the Kuiper belt objects
(KBOs) were thought to be mostly beyond
the range of planetary perturbations, and
because they were thought to be too tightly
bound to the sun to be perturbed by passing
stars, it was hypothesized that KBOs may be
primitive remnants of the early solar system
(1, 2). In contrast, the Oort cloud, a halo of
objects believed to be the source of long-

period comets and assumed to extend out to
the limits of the sun’s gravitational sphere
(3), may be populated primarily by objects
ejected from the region of the giant planets
(4). Thus, KBOs may not have been as
strongly heated as objects populating the
Oort cloud and as a result may have unique
surface compositional characteristics. KBOs
are important to our understanding of the
chemistry of the early solar system, but their
distance and small size (less than a few
hundred kilometers in diameter) precluded
discovery until recently. Within the last 4
years, however, over 40 objects have been
discovered (5). In fact, the Kuiper belt may
have .108 objects larger than 10 km in
diameter (6).

Detailed here are near-infrared spectro-
scopic observations of the Kuiper belt object
1993SC, and the implications that these ob-
servations have for its surface composition.
The observations were conducted at the W.
M. Keck Observatory during the period 2 to

4 October 1996 universal time (UT). The
Keck I telescope was used with the near-
infrared camera (NIRC) as the focal plane
instrument. The observations were conduct-
ed with the gr120 grism of the NIRC, which
has an effective wavelength range in first
order of 1.45 to 2.55 mm and a spectral
sampling interval of 0.007 mm. The NIRC
has an effective pixel size of 0.15 arc sec, and
a slit width of 8 pixels (1.2 arc sec) was used
for all the spectral observations.

We located 1993SC using the latest or-
bital elements (7) in the commercially
available ephemeris program Ephem (8)
and identified the object in an image taken
through the NIRC’s Ks filter (9). The tele-
scope was then offset 5 arc sec to the north
to obtain an additional image and a mea-
surement of the night sky brightness, while
tracking the predicted motion of 1993SC.
The resulting series of positive-negative
pairs in the differenced images showed dif-
ferent apparent position angles, depending
on whether or not an object was moving at
the sidereal rate. In addition to the position
angle difference, objects moving at sidereal
rate were trailed. That 1993SC was moving
against the stellar background at the pre-
dicted rate was corroborated in a final im-
age acquired some 20 min after the initial
image, which allowed a check of the total
movement of the object against the stellar
background.

Collecting a spectrum involved posi-
tioning the object in the center of the slit
and obtaining pairs of images of 1800 s
total exposure (18 separate exposures of
100 s co-added) with each exposure offset
along the grism slit by 5 arc sec, alternate-
ly north then south. Differencing corre-
sponding pairs of images allowed an accu-
rate subtraction of the sky background
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