multaneous, spatial sensor arrays, such
as the one described here, in conjunction
with detailed process and stratigraph-
ic studies of lacustrine environments,
should provide such information and im-
prove our understanding of the general
laws of motion governing density cur-
rents and their deposits.

FrANK H. WEIRICH
Department of Geography, University
of California, Los Angeles 90024
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Congruent Paleomagnetic and Archeomagnetic Records from
the Western United States: A.D. 750 to 1450

Abstract. Two independently dated, high-resolution paleomagnetic records, one
lacustrine and one archeological, record the passage across western North America
of the same nondipole feature of the geomagnetic field during the time interval from
A.D. 750 to 1450. Although these sequences indicate that correlation between
paleomagnetic and archeomagnetic records is feasible under certain conditions,
differences between the records underscore the difficulty of dating accurately an
archeological site by correlation of a single archeomagnetic direction with a secular

variation curve.

Since the first paleomagnetic measure-
ments of varved sediments from western
New England were reported (I), the
study of fine-grained lacustrine sedi-
ments has held the promise of providing
long, continuous histories of the geomag-
netic field and, eventually, a master
curve to which shorter archeomagnetic
records could be compared. It has also
been suggested that the age of an undat-
ed archeological site or lava flow might
be determined by correlating its paleo-
magnetic direction to a master curve of
secular variation. However, the corre-
spondence between paleomagnetic fea-
tures observed in lacustrine sediments
and contemporaneous archeomagnetic
records has been disappointing; only the
broadest trends in lacustrine records
have been correlated to the archeomag-
netic data (2, 3).

We have compared two independent-
ly dated, high-resolution paleomagnetic
records from western North America,
one lacustrine and one archeological,

and have found that they contain the
same nondipole feature of the geomag-
netic field during a 700-year interval. The
lacustrine record is from Fish Lake, a
small lake in Steens Mountain of south-
eastern Oregon. The record is part of a
8.93-m composite section composed of
nine overlapping 10-cm diameter cores
representing a total length of 16 m and
spanning the last 13,000 radiocarbon
years before the present (B.P.). The
presence of six tephra layers and oth-
er thin, distinctive bands allowed us to
align the overlapping segments of differ-
ent cores with an uncertainty of less than
0.3 cm. Age control for the composite
section came from 18 radiocarbon dates
from the Fish Lake cores as well as 19
radiocarbon dates from two nearby lakes
containing the same tephra layers (¢).
Two of these tephra layers are from
Mount Mazama (Crater Lake) Oregon
3, 6).

Core samples were collected in plastic
boxes (2.5 by 2.5 by 1.8 cm) which were

placed as close together as possible to
obtain a nearly continuous record. Each
box was fully oriented with respect to
the axis of the core segment. Magnetic
analyses indicated that the magnetic car-
rier was pseudo-single-domain magne-
tite with no hematitic component. This
was not surprising because most detritus
coming into Fish Lake is derived from
Miocene basalt. Upon alternating field
demagnetization the paleomagnetic di-
rections were found to be extremely sta-
ble, and the intensities had median de-
structive fields of 200 oersteds.

The declination record from the two
core segments that span the interval
from 450 years B.P. to 3500 years B.P.
(A.D. 1450 to 1950 B.C.) is shown in Fig.
1. Unlike many other paleomagnetic rec-
ords from lake sediments, the Fish Lake
record has low scatter and a high degree
of serial correlation within each core as
well as excellent agreement between the
corresponding segments of different
cores. Although the cores were not azi-
muthally oriented, the overlap and pre-
cise stratigraphic correlation between
the cores made it possible to align them,
one with another, to obtain a single (un-
oriented) composite record. The abso-
lute orientation of this composite record
was then determined by matching the
declination at the level of the upper of
the two Mazama tephras in the compos-
ite core with the declination of the corre-
sponding Mazama tephra measured in
the field at various sites in Oregon (7).
Various checks for consistency showed
that the cores had penetrated the sedi-
ment vertically and had not twisted dur-
ing penetration.

Comparison of the inclination at the
level of the upper Mazama tephra in the
composite section with the inclination
measured in the field as well as compari-
son of the inclination at the top of the
core with the corresponding inclination
determined from historical records
showed that there was an inclination
error in the lake sediments. From obser-
vations of sediment grain size and the
absence of apparent bioturbation, this
error was to be expected (8), and the
composite record was corrected for it.
The data were then combined and
smoothed by a Gaussian weighting func-
tion corresponding to an 80-year moving
“window’’ (9). The virtual geomagnetic
poles (VGP’s) corresponding to the
smoothed and corrected data for the time
interval A.D. 600 to 1450 are shown in
Fig. 2A.

The archeomagnetic record for the in-
terval A.D. 750 to 1450 was developed
by Sternberg from archeological sites in
the southwestern United States (10). His
sequence is based on 73 independently
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dated features (mainly hearths), and the
primary dating technique was dendro-
chronology. The VGP’s corresponding
to each feature were combined by a
moving-window weighted Fisher statis-
tic technique (I/1). A 100-year window
was used before A.D. 1000 and a 50-year
window was used after that time. The
resulting VGP path is shown in Fig. 2B.
The windows represented by successive
points overlap by 50 percent. Cones of
95 percent confidence for points more
recent than A.D. 1100 are about 1.5°%
those for points between A.D. 1000 and
1100 are about 2.5°, and those for points
older than A.D. 1000 are about 4° (10).
The two VGP paths appear to record
the passage of the same nondipole fea-
ture of the geomagnetic field. For the
lacustrine record, the path of the feature
begins near the geographic North Pole

Fig. 2. Stereographic projections of paths of
virtual geomagnetic poles from the western
United States. The bounding circle is 20° from
the pole. (A) Paleomagnetic record from Fish
Lake, southeastern Oregon, for the interval
from A.D. 600 to 1450. The arrows mark
calendar ages at intervals of 100 radiocarbon
years beginning with 1400 years B.P. for the
arrow nearest the geographic pole. The corre-
sponding calendar age ranges (/4) are shown
for the beginning, turning point, crossover
point, and end of the VGP feature. For the
other points, only the midpoints of the calen-
dar age ranges are given. (B) Archeomagnetic
record from sites in the southwestern United
States for the interval from A.D. 750 to 1450
(9). This stereographic projection has been
rotated clockwise 15° to emphasize the simi-
larity between the shapes of the paths.
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and moves southward toward the 180°
meridian along an arc that is concave
toward the west. After a relatively tight
turn near 75°N latitude and 170°W longi-
tude, the path follows along another arc
that is concave in the opposite direction.
The path ends near 85°N and 90°W. All
the motion is generally clockwise, which
is consistent with that observed for the
past 8000 years in North America (12).
With respect to the lacustrine sedi-
ments, the archeological record appears
to be translated toward the south and
rotated slightly counterclockwise. Such
adisplacement might be expected since a
well-defined westward-drifting center of

90°E

nondipole activity with a diameter on the
order of 1200 km would not be seen in
the same way at sites with a north-south
separation of 900 km. In addition, the
center of activity would be a dynamic
feature of the geomagnetic field so that
as it drifted across the western United
States, its evolution through time would
lead to additional variations in direction
and timing from one observation point to
another. Some displacement may also be
caused by uncertainties inherent in the
correction for the inclination error and
the determination of the absolute decli-
nation. With these factors taken into
account, the overall agreement between
the two curves appears to be better than
that between any other published pair of
records.

An analysis of the details of the agree-
ment is more difficult because of the
uncertainties associated with each data
point. For example, the radiocarbon cali-
bration curve allows us to convert each
radiocarbon date only to a range of cal-
endar dates. The dendrochronological
age of an archeological dwelling may
represent its initial construction or re-
pair, whereas the paleomagnetic direc-
tion from an associated hearth may rep-
resent the last fire that burned in that
hearth. Thus, the tree ring age could
represent the earliest occupation of a
site, and the paleomagnetic direction,
the latest occupation. Also, there is the
statistical uncertainty associated with
each paleomagnetic direction. Within the
constraints of these uncertainties, the
detailed agreement between the two
curves is excellent. In Fig. 2A, the age
ranges shown correspond to the end,
crossover point, turning point, and be-
ginning of the corresponding archeomag-
netic VGP path. The archeomagnetic
ages of these points are A.D. 1400, 1300,
1025, and 750, respectively. For the first
three points the age range in Fig. 2A
includes the corresponding archeomag-
netic date in Fig. 2B. Only the fourth
point is discordant because of the large
change in the archeological pole path
occurring between A.D. 1000 and 1025.
It is possible that this change does not
represent actual motion of the geomag-
netic vector and arises instead from a
systematic offset in sites with ages earli-
er than A.D. 1000 (/3). On the other
hand, the lacustrine record also begins
with a significant change in pole position
so that both changes may reflect rapid
evolution of the center of nondipole ac-
tivity as noted earlier. Minor fluctuations
in the sedimentation rate at Fish Lake or
a systematic error in radiocarbon dating
could also cause these apparent differ-
ences. In view of these uncertainties, we
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consider the close agreement in space
between the VGP paths to be far more
significant than the partial discrepancy in
time between the paths.

The presence of the same feature of
the geomagnetic field in independently
dated paleomagnetic and archeomagnet-
ic records indicates that correlation of
paleomagnetic and archeomagnetic rec-
ords is feasible when certain conditions
are met for both types of records. For
lake sediments, the minimum conditions
require the collection of overlapping
cores that can be dated independently
and correlated precisely as well as the
measurement of closely spaced paleo-
magnetic samples that can be shown to
contain a stable magnetic signal in which
the geomagnetic field has been accurate-
ly recorded. For archeomagnetic stud-
ies, there must be sufficient sites to pro-
vide a record of accurate directions from
many samples extending over several
hundred years. In addition, during the
time interval of interest, there must be
some distinct feature in the VGP path of
the geomagnetic field. These conditions
imply that it is possible to correlate only
between features in paleomagnetic and
archeomagnetic VGP paths and that, in
general, it is not yet possible to deter-
mine the age of an undated archeological
site or an undated lava flow from a single
paleomagnetic direction associated with
the site or the flow.

KENNETH L. VEROSUB
Department of Geology, University of
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Geology, Washington State
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Initiation of Angiogenesis by Human Follicular Fluid

Abstract. Angiogenesis was observed and measured after injection of human
Sollicular fluid into rabbit corneas. Undiluted human follicular fluid stimulated
angiogenesis in every case, with new blood vessels visible 3 days after injection and
extending 2.0 millimeters from the corneal scleral limbus into the injection site by
day 15. Stimulation of angiogenesis was lost by heating or diluting the follicular fluid
but was retained after charcoal stripping or dialysis. Human follicular fluid contains
an angiogenic factor that may be associated with perifollicular neovascularization

during folliculogenesis.

Angiogenesis plays a major role in a
variety of important biological process-
es, including wound healing, collateral
circulation, tumor growth, and embryon-
ic development. Angiogenesis also oc-
curs during maturation of the preovula-
tory follicle and subsequent formation of
the corpus luteum, suggesting that the
follicle complex may produce an angio-
genic factor. Here we report the pres-
ence of an angiogenic factor in human
follicular fluid (hFF).

Human follicular fluid was pooled
from follicles (> 16 mm; N = 30) in 12
spontaneously cycling women 16 days
after the onset of menses. The women
had been treated with clomiphene citrate
(days 5 to 9), luteinizing and follicle-
stimulating hormones (150 IU/day; days
10 to 14), and human chorionic gonado-
tropin (hCG) (5000 IU; day 16). Each

Fig. 1. Angiogenesis 12 days after injection of
hFF into the cornea of a rabbit eye. Vascular-
ization extends across the sclera and 2 mm
into the cornea.

hFF sample was mixed with an equal
volume of a solution containing 10 per-
cent Hydron, 60 percent ethanol, and 1
percent polyethylene glycol. The hFF
was sterile-filtered and serially diluted
(1:0, 1:2, 1:3, 1:4, 1:9, and 1:27) with
phosphate-buffered saline (0.05M; pH
7.4) for dose-response studies. The su-
pernatant (600g for 30 minutes) of hFF
treated in 10 percent dextran-coated
charcoal (24 hours at 4°C) and the reten-
tate of dialyzed (molecular weight cutoff,
8000) or heated (62°C) hFF were also
tested (20 pl).

The effects of the hFF-Hydron solu-
tion on angiogenesis were assessed in 44
New Zealand White female rabbits (1.5
to 2 kg) anesthetized with ketamine hy-
drochloride (20 mg/kg, intravenously). A
20-pl portion of the solution was intro-
duced into the right cornea by aseptically
creating a pocket 2 mm proximal to the
superior limbus (/). To evaluate the ef-
fects of hCG at concentrations typically
found in follicular fluid after hCG treat-
ment, 20 ul of a solution of hCG (1 mIU/
ml) and Hydron was similarly injected
into the cornea of three New Zealand
White female rabbits. The left cornea of
each animal was injected with Hydron
and saline as a control.

Corneas were evaluated daily for 15
days. Sustained growth of well-defined
new capillaries from the limbus toward
or into the corneal implant was consid-
ered a positive angiogenic response (Fig.
1). Responses were graded qualitatively
as follows: 0, no angiogenesis; 1, plexus
of blood vessels seen at the limbus; 2,
intracorneal vessels present; 3, intracor-
neal vessels extending more than 1.0 mm
from the limbus toward the injection site;
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