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True Polar Wander since the Early Cretaceous

Abstract. The motions of the lithospheric plates have been reconstructed for
three time intervals back to the Early Cretaceous. These displacements were
analyzed to determine the best-fitting rigid rotation, which could then be ascribed
to true polar wander. The true polar wander so obtained is no larger than a few

degrees and is within the magnitude of the uncertainties involved.

The apparent polar wander paths
observed for the lithospheric plates,
that is, the movement of the magnetic
pole relative to a plate assumed to be
fixed, may be due to either or both of
two causes: (i) the motion of the plate
relative to a fixed magnetic dipole or
(ii) the motion of the magnetic axis
relative to the lithosphere as a whole.
Moreover, since the magnetic axis is
assumed to be, on the average, coinci-
dent with the spin axis, the second
cause implies true polar wandering. It
is commonly accepted that at least
some of the differences in the apparent
polar wander paths of different conti-
nents are due to the relative motions
of the continents; on the other hand,
it has been suggested (/) that the com-
parable lengths of the apparent polar
wander paths of the individual conti-
nents imply a common cause, true
polar wander.

A number of tests have been pro-
posed and applied to separate these
two effects. Two attempts were made
(2, 3) on the assumption that certain
points or areas on the globe, namely,
the oceanic ridges (2) or Antarctica
(3), were fixed with respect to the spin
axis; in both cases, however, it has
been argued (4, 5) that these assump-
tions are not justified and that the con-
clusions that true polar wander had
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occurred were, at least, ambiguous. In
a later proposal McKenzie (6) sug-
gested that a vector describing true
polar wander could be found from the
resultant of the area-weighted vectors
representing the angular motion of the
paleomagnetic poles for each of the

plates. This technique was applied (5)
for the time interval from the Early
Tertiary to the present, and the con-
clusion was that there has been no
significant polar wander.

This report presents the results of
another approach to the problem. We
have reconstructed the lithospheric
plate positions for the Early Tertiary,
Late Cretaceous, and Early Cretaceous,
using dated marine magnetic anomalies
to determine the relative plate posi-
tions, then using paleomagnetic poles
to fix the position of the spin axis (as-
suming that the ancient geomagnetic
field was, on the average, that of a
geocentric, coaxial dipole). Knowing
the plate positions at the present and
at these earlier times, we were able to
construct, for each of the three time
intervals, a displacement field which
describes the plate motions during an
interval.

Paleocene-Eocene plates at

Late Cretaceous plates at
85 x10% years B.P..

55 x 106 years B.P.

«: Paleomagnetic pole
positions, (70 to 40)
x 10° years B.P.

* : Paleomagnetic pole

positions, (100 to70)

x 106 years B.P.
Fig. 1. (a) Palecogeographic map of the plates and plate boundaries for the Early
Tertiary. The paleomagnetic poles used for the determination of the mean are plotted.
The longitudes are arbitrary. (b) Paleogeographic map of the plates and plate bound-
aries for the Late Cretaceous. The paleomagnetic poles used for the determination of
the mean are plotted. The longitudes are arbitrary.
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True polar wander has been defined
(7) as a bodily shift of the earth rela-
tive to its spin axis, and, if it had oc-
curred, it would appear as a special
kind of displacement field: a pure rigid
rotation about some axis. If no rela-
tive motions between plates had oc-
curred but such a rigid rotation of the
lithosphere had taken place, it would
be observed as true polar wander and
the apparent polar wander paths of all
continents would coincide. If, on the
other hand, no true polar wander but
only plate motions relative to each
other had occurred, the apparent polar
wander paths of different plates would
diverge in the geologic past. Our meth-
od therefore can be best summarized
as finding a best-fitting rotation of the
entire lithosphere, and it is this rota-
tion that we attribute to true polar
wander. It is crucial for an under-

standing of our method to realize that
in the case of no true polar wander
a summation or integration of the dis-
placements of all the plates over the
entire surface of the earth would yield
a zero global average. In more mathe-
matical terms, such plate motions do
not contribute to a first-degree dis-
placement field (a rotation of the en-
tire lithosphere) but instead make up
the higher-degree displacement fields
such as hemispherical twists or zonal
rotations in which the motions are op-
posite to each other.

The past distributions of the plates
are determined from data on sea-floor
spreading and paleomagnetic poles.
Magnetic anomalies and fracture zones
provide information about the relative
positions of two adjacent plates sepa-
rated by a ridge. If either of these two
plates can then be related by similar

Early Cretaceous plates at

115 x 108 years B.P.

positions, (130 to 100)
x 104 years B.P.

Early Cretaceous plates at

115 x 106 years B.P.

* : Paleomagnetic pole
positions, (130 to 100)
x 10% years B.P.
Fig. 2. (a) Paleogeographic map of the plates and plate boundaries for the Early
Cretaceous, with the southern continents approaching the fit of Smith and Hallam (10).
The paleomagnetic poles used in the determination of the mean are plotted. The lon-
gitudes are arbitrary. (b) Paleogeographic map of the plates and plate boundaries
for the Early Cretaceous, with the southern continents approaching the fit of Tarling
(12). The paleomagnetic poles used for the determination of the mean are plotted. The
longitudes are arbitrary.
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information to a third plate, all three
areas are relatively positioned. One
follows this procedure until all major
regions on the earth are tied into a
circuit, with one continent held tempo-
rarily fixed and the rest of the plates
rotated relative to it. The next step is
to provide a fixed reference frame. For
this purpose, mean paleomagnetic pole
positions were determined for groups
of reliable individual poles that were
rotated with their respective plates, for
the time intervals of (40 to 70} X 108,
(70 to 100) X 10, and (100 to 130)
X 106 years before the present (B.P.).
The virtual paleomagnetic poles that
were used to determine the means in-
clude a selection of reliable paleomag-
netic poles (8) with additions for Aus-
tralia, Antarctica, India, Madagascar,
and-the Pacific, and additions for some
very recent publications (9). The
clusters of poles for these time intervals
were found to be tightly grouped for
the reassembled plates, with relatively
small cones of 95 percent confidence
ranging between 4° and 6.5°,

A reconstruction of the major plates
and plate boundaries for the Early
Tertiary (55 X 106 years B.P.) is
shown in Fig. 1a, and the reconstruc-
tion for the Late Cretaceous (85 X 108
years B.P.) is shown in Fig. 1b. The
relative positions of the plates have
been determined from published data
(10, 11). The plate configurations be-
fore 85 X 106 years B.P. are less well
established, in particular because of
uncertainties in the positions of the
Gondwana continents. Figure 2a is a
reconstruction of the major plates and
plate boundaries for the Early Creta-
ceous (115 X 106 years B.P.), with the
southern continents approaching the fit
of Smith and Hallam (10); Fig. 2b is
a similar reconstruction except that the
southern continents are approaching
the positions favored in an alternate fit
by Tarling (12). Active plate bound-
aries are shown as solid lines; incipient
plate boundaries, which will become
active within the next period, are shown
as dashed lines.

The plate configurations were evalu-
ated in a coordinate framework fixed
by the paleomagnetic data of the re-
assembled plates. The mean magnetic
poles were used to fix the earth’s polar
axis and to define a Cartesian coordi-
nate system in which latitudes but not
longitudes can be determined. The axes
lying in the equatorial plane thus must
be positioned arbitrarily, and we chose
to hold the longitudinal coordinates of
North America more or less fixed. This
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Table 1. Calculated amounts of true polar wander.

Table 2. Cumulative amounts of true polar wander.

Direction Direction
Time interval (‘?fm:;x" relative to Time interval ?fn;)(:}gi relative to 'a 5
wander Nor@h America wander Norfh America ”
longitudes (14) longitudes (14)
Present to 55 Present to 55
X 10° years B.P. 2.0° 142°W X 10° years B.P. 2.0° 142°W 4.1°
(55 to 85) Present to 85
X 10¢ years B.P. 3.2° 177°W X 10° years B.P. 5.0° 164°W 5.0°
(85 to 115) Present to 115
X 10° years B.P.* 71.7° 11°W X 10° years B.P.* 4.9° 50°W 4.7°
(85 to 115) Present to 115
X 10% years B.P.{ 6.8° 32°W X 10°® years B.P.} 6.3° T76°W 6.4°

#* Smith and Hallam. fit (10).

arbitrary positioning of the equatorial
axes implies an indeterminacy in the
longitudinal displacements and indeed
allows a rigid rotation of the entire
lithosphere. However, this is a rotation
precisely about the polar axis and such
a rotation is irrelevant for true polar
wander, since it leaves the position of
the magnetic polar axis relative to the
lithosphere as a whole unchanged. Con-
sequently, if we decompose a rigid
rotation about a geocentric axis cutting
a sphere at arbitrary latitude and longi-
tude into three component rotations
about each of the coordinate axes, re-
spectively, we find that only rotations
about the two equatorial axes will con-
tribute to true polar wander and that
the sum of the squares of these rota-
tions is independent of the arbitrary
positioning of the equatorial axes.

The plate reconstructions give us
three time intervals over which the
displacement field can be evaluated.
We developed a mathematical method
(13) to find the rigid rotation which
best fits in a least-squares sense a set
of general displacements on a sphere.
For example, the change in position of
any point on a plate between, say (55
and 85) X 106 years B.P., may be de-
fined by a displacement vector (F), with
F changing discontinuously at the plate
boundaries. If we denote a rigid rota-
tion, corresponding to true polar wan-
der, as a displacement field (G), we
can determine how much of the ob-
served displacement field F can be ac-
counted for by a rigid rotation of the
entire lithosphere G, by minimizing
the integral

(F—G)*ds

where ds is an element of surface, and
the integration is done over the entire
surface of the earth. Further mathe-
matical details have been presented
elsewhere (13).

The analysis of the displacement field
for the three time intervals considered
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t Tarling fit (12).

#* Smith and Hallam fit (10).

yielded very small rigid rotations G,
an indication of little or no true polar
wander. The calculated values are pre-
sented in Table 1, where the amount
of true polar wander is the length of
arc along which the pole moves rela-
tive to the whole lithosphere, which is
the same amount the lithosphere moves
relative to a fixed pole. The cumulative
polar wander, found by adding the mo-
tion over the time intervals, is given
in Table 2, along with the uncertain-
ties (ay;) in the mean paleomagnetic
pole used for the plate reconstruc-
tions (Figs. 1 and 2).

The resultant polar wander is quite
small, even over the entire time interval
from the present to the Early Creta-
ceous. This is due to the differences in
the direction of movement (Table 1)
over the three time intervals. For the
time intervals from the present to 55
X 106 years B.P. and the present to
85 X 10% years B.P., the calculated
amounts of true polar wander were
within the uncertainty of the mean
paleomagnetic pole (Table 2) and thus
must be considered insignificant. An
analysis of the plate displacements for
the earliest time interval considered,
(85 to 115) X 10¢ years B.P., was
more ambiguous, as uncertainties exist
in the positions of the southern conti-
nents for that interval. Still, for the
longest time interval, from the present
to 115 X 106 years B.P., the amount
of calculated true polar wander is less
than the uncertainty in the mean
paleomagnetic pole.

The same result was reached (6)
when Tertiary paleomagnetic data from
a majority of plates were analyzed by
a different approach (5, 6). Our re-
sults extend the calculations of true
polar wander to the Early Cretaceous.
The primary requirement of our meth-
od (13) is a reliable displacement field

all over the earth, including the oceans,

since their role in determining the
existence of polar wander is great be-

T Tarling fit (12).

cause of their large area. When better
Mesozoic sea-floor spreading data be-
come available, it is conceivable that
reliable determinations can also be
carried out for the earlier Mesozoic
periods.
D. M. Jurpy

R. VAN DER Voo
Department of Geology and
Mineralogy, University of Michigan,
Ann Arbor 48104
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Elevated Salivary and Synovial Fluid g,-Microglobulin

in Sjogren’s Syndrome and Rheumatoid Arthritis

Abstract. B,-Microglobulin is normally present in low concentrations in serum
and other bodily fluids. By use of a radioimmunoassay, elevated concentrations
of By-microglobulin were found in saliva and synovial fluid from patients with
Sjogren’s syndrome and rheumatoid arthritis, autoimmune inflammatory diseases
that attack and destroy the salivary glands and articular tissues, respectively.
Elevated B,-microglobulin concentrations decreased in the saliva of two patients
who simultaneously showed a clinical response to systemic treatment. Measure-
ment of Bg-microglobulin in inflammatory fluids may offer a simple method of
quantifying local activity in autoimmune states.

The low molecular weight protein
B,-microglobulin  (8,m)  (molecular
weight 11,700) is present in low con-
centrations in normal serum and urine
(I1). It is increased in the serum and
urine of patients with renal tubular
disorders and in kidney transplant re-
cipients, particularly during rejection
crises (2). Amino acid sequence analy-
sis of B,m indicates a close homology
with constant region domains of im-

Symptomatic i a 4 a

xerostomia

munoglobulin polypeptide chains (3, 4).

B.-Microglobulin is present on the
surface membranes of peripheral blood
lymphocytes (5). It is synthesized and
secreted by lymphocytes as well as by
various
tumor cell lines (5, 6). It is associated
with both thymus-derived (T) and
bone marrow—derived (B) lymphocytes
since its presence has been demon-
strated on thymocytes, thoracic duct

12 T
9 4+
Salivary
Bym 6 +
(ug/mb)
3 4
t t
3T
Serum 2 +
Bam
(ug/mt) ' T
Stimulated T
parotid
flow rate 3T
(milliliters per gland
) |

per 10 minutes)

T
9/73 10/73

Treatment

T
W73

* T T
12/73 /74 2/74 3/74 4/74 5/74

T
Prednisone, 30 mg every other day

Fig. 1. Changes in clinical status and g.m concentration in response to corticoid
treatment in a patient with Sjogren’s syndrome. The scale for symptomatic Xerostomia
is relative; there was no observation for December 1973.
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lymphoid and nonlymphoid-

lymphocytes, chronic lymphocytic leu-
kemia cells, and cultured lympho-
blastoid cell lines (5, 6). The latter
two are generally considered to repre-
sent B cells.

Although the exact function of 8,m
is unknown, it is thought to play a role
in immunologic reactions since it is
part of the HL-A antigen complex
present on the lymphocyte cell surface
(7). Antiserum to B,m inhibits the
response of lymphocytes to alloantigens
in a mixed lymphocyte reaction (8).
Such antiserums also induce redistri-
bution and aggregation (“capping”)
of both B;m and HL-A antigens on
the lymphocyte membrane (7-9). The
“co-capping” of B,m and HL-A anti-
gens is evidence of their intimate asso-
ciation in the living cell.

Certain autoimmune diseases such
as Sjogren’s syndrome and rheumatoid
arthritis are characterized by intense
lymphocytic and inflammatory cell in-
filtrations of the target tissue sites (10,
11). In Sjogren’s syndrome, the de-
struction of the salivary and lacrimal
glands by these infiltrates leads to the
distressing symptoms of dry mouth and
dry eyes (the “sicca complex”). In
rheumatoid arthritis, the joint cavity
is the target of attack, with cartilage
destruction, bone erosion, and joint
deformity occurring as a consequence.
Immunoglobulins, rheumatoid factor,
lymphoid cells, and inflammatory prod-
ucts can often be found in the bio-
logical fluids associated with these
inflammatory sites, that is, the saliva
and synovial fluid (11, 12).

A rapid simple method for quanti-
tatively measuring the extent of in-
flammation in tissue sites would be
extremely useful both for diagnosis
and for monitoring treatment in these
autoimmune and related diseases. We
hoped that measurement of B8,m con-
centrations in inflammatory fluids
might provide such a method. Accord-
ingly, we have employed a radioim-
munoassay procedure to measure B,m
in saliva and synovial fluid collected
from patients with Sjogren’s syndrome
and rheumatoid arthritis, respectively.
Bo-Microglobulin  was also measured
in the patients’ serum and in saliva
and synovial fluid collected from a
variety of control subjects. Our results
suggest that (B,m concentrations are
increased in these inflammatory fluids,
probably as a consequence of local pro-
duction by infiltrating cells. Moreover,
in two patients with Sjogren’s syn-
drome a clinical response to cortico-
steroids or immunosuppressive drugs
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