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 stone), a test can be made to determine
 whether the sequence was an inde-
 pendent trials process or whether it had
 a memory of one or more steps (11).
 However, if one cannot distinguish
 multistory lithologies, the empirically
 determined transition matrix will have
 zeros down its main diagonal, as fol-
 lows:

 0 P12 P131

 P21 0 P23

 P31 P32 0 _

 The zeros in the above matrix could
 arise from a random process in which
 all repetitions were lumped together,
 simply because multistory lithologies
 could not be distinguished.

 Empirically determined transition
 matrices, because they summarize all
 the probabilities of going from one
 lithology to another, establish actual
 sedimentary cycles. However, before
 modeling can become fully effective,
 geologists must obtain data for empiri-
 cal transition matrices such as that ob-
 tained by Vistelius (1) and implied by
 de Raaf et al. (12). Such matrices will
 permit us to determine, by statistical
 test, whether or not the depositional
 processes that produce stratigraphic sec-
 tions have a memory.
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 Magnetic Anomalies over the Pacific-Antarctic Ridge

 Abstract. Four magnetic profiles across the Pacific-Antarctic Ridge reveal
 magnetic anomalies that show trends parallel with the ridge axis and symmetry
 about the ridge axis. The distribution of bodies that could cause these anomalies

 supports the Vine and Matthews hypothesis for the generation of patterns of

 magnetic anomalies associated with the midocean ridge system. The geometry
 of the bodies accords with the known reversals of the geomagnetic field during

 the last 3.4 million years, indicating a spreading rate of the ocean floor of 4.5
 centimeters per year. If one assumes that the spreading rate within 500 kilo-
 meters of the ridge axis has been constant, reversals of the geomagnetic field
 during the last 10.0 million years can be determined. This new, detailed history
 of field reversals accords with observed anomalies over Reykjanes Ridge in the

 North Atlantic if a spreading rate of 1 centimeter per year is assumed there.

 Many have recognized the pattern
 of magnetic anomalies associated with
 midocean ridges: Heezen et al. (1)
 first described the anomaly associated
 with the Mid-Atliantic Ridge; Ewing

 et al. (2) and Heezen et al. (3) showed
 the association of this anomaly with
 the axial region or rift valley; Vine
 and Matthews (4) and Heirtzler and
 Le Pichon (5) have shown generalized
 linearity of the pattern along the ridge
 parallel with the axis, and some degree
 of symmetry across the axis of the
 ridge. More recently Heirtzler et al.
 (6), using data from 'an aeromagnetic
 survey of Reykjanes Ridge, have dem-
 onstrated more clearly the linearity and
 symmetry of the anomaly patterns.

 To explain the magnetic pattern of
 the ridges, Vine and Matthews (4)
 hypothesized that material wells up
 from the ridge axis, becomes mag-
 netized in the direction of the geo-
 magnetic field at the time of cooling
 below its Curie temperature, and
 spreads laterally from the axis. Thus
 the magnetization of the material is
 parallel or antiparallel to the present
 direction of the geomagnetic field, de-
 pending upon its distance from the
 ridge axis and the spreading rate. Vine
 and Wilson (7), using the magnetic-
 reversal history of Cox et al. (8),
 have applied the hypothesis to the
 Juan de Fuca Ridge.

 During 1965 U.S.S. Eltanin made
 systematic traverses of the Pacific-
 Antarctic Ocean between New Zea-
 land and Chile. We now report mag-
 netic measurements from four im-
 portant traverses of the Pacific-Antarc-
 tic Ridge between 400 and 550S (Fig.
 1); the data were acquired with a pro-
 ton-precession magnetometer system. In
 Fig. 2 the magnetic-anomaly and
 bathymetry profiles are projected along
 an azimuth normal to the axis of the
 ridge.

 The two most striking features of

 the magnetic profiles are the linearity

 of the pattern from profile to profile,

 and the symmetry of the anomaly pat-

 tern about the axis of the ridge. To

 illustrate the linearity, several of the

 anomalies are assigned numbers (Fig.

 2). The axial anomaly 1 to 1', with

 its adjacent small anomalies, is promi-

 nent in all the profiles and strikingly

 resembles the axial patterns of the

 Juan de Fuca Ridge and the Pacific

 Antarctic [the latter from the Vema

 16 crossing; see Vine and Wilson (7)].

 On the eastern ends of the Eltanin-

 21 and northernmost Eltanin-20 pro-

 files, anomalies 3' and 4' are difficult
 to identify in a pattern that is quite
 persistent elsewhere. This distortion

 may reflect the proximity of the Chile

 Rise, which can be seen joining the
 ridge in the northeast corner of Fig. 1.

 Lines connect the numbered features

 I 25 120? 115 110 105 100?
 35? X t? 35,

 C,,

 4 3 211'2' 3' 4'

 40' - 40f

 55, 55' 125 120 I 1 (1 1 Io- - l- o

 Fig. 1. Ship's tracks in the Pacific-Ant-
 ,arctic Ocean; bathymetric contours in fath-
 oms. The numbers refer to specific mag-
 netic anomalies, and the dashed lines con-
 nect similar anomalies. The crosses indi-
 cate positions of 'earthquake epicenters
 south of 40'S between I June 1954 and
 31 May 1965 (18). Elt, Eltanin.
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 in Fig. 1. There is a distinct bend
 in the anomaly pattern following the
 bend in the ridge axis at about 470S:
 it is in this area, at the western ends
 of the two Eltanin-20 traverses, that
 the distribution of anomalies is most
 disturbed. It is felt that a more com-

 plete survey at this bend in the ridge
 would have revealed an in-echelon

 pattern interrupted by lines of dis-

 continuity, such as exists in the north-
 east Pacific (9).

 The symmetry of the central anomaly
 (1 to 1') and of the small adjacent
 anomalies is easily recognized. The
 general symmetry revealed in the pro-
 files of Fig. 2 is quite apparent by
 the matches 1 1', 2: 2', 3: 3', and
 4 :4'.

 The most striking instance of sym-
 metry is illustrated in Fig. 3, which
 shows the Eltanin-19 profile both

 as in Fig. 2, with east on the right-
 hand side, and reversed, with west
 on the right-hand side; the bilateral
 symmetry is revealed in the smallest
 detail. Anomalies of less than 50
 gammas appear in symmetric fashion
 across the axis of the ridge; the full
 width of the symmetric region has not
 been determined. It is clear that the
 symmetry illustrated in Fig. 3 becomes
 less exact about 500 km from the
 axis. A more detailed survey might re-
 veal bilateral symmetry well beyond
 the axial zone discussed here.

 The symmetry of the Eltanin-19 pro-
 file suggested that the Vine and Mat-
 thews hypothesis could be tested by
 a method similar to that of Vine and
 Wilson (7), who used a uniform spread-
 ing rate and the known history of mag-
 netic reversals (8, 10, 11). The width

 of the central anomaly and the spac-
 ing of the adjacent four anomalies were
 correlated with the periods of normal
 magnetization since the Gilbert re-
 versed epoch; correlation required a
 spreading rate of 4.5 cm/yr away
 from the axis. Normally and reversely
 magnetized bodies were then placed
 beneath the remaining observed anom-
 alies to the edges of the profile. The
 depth of the upper surface of the
 blocks was set by the average bathym-
 etry, and the thickness of the blocks
 was taken to be 2 km.

 Figure 3 also shows the sequence
 of blocks comprising the full model.
 The black and white blocks represent
 normally and reversely magnetized ma-

 terial, respectively. The profile im-
 mediately above the model was com-
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 puted from the model geometry by

 use of an intensity of magnetization

 of 5 x 10-3 gauss, an inclination of

 600 upward, and a declination of

 25 1E for the normally magnetized

 bodies. The magnetization had the same

 intensity, but the opposite direction,

 for the reversely magnetized bodies;

 the strike of the bodies was assumed

 to be N41 'E. To obtain the proper

 magnitude for the central anomaly, the

 intensity of magnetization of the cen-

 tral block has been doubled; essentially

 the same effect could have been ob-

 tained by doubling the thickness of the
 central block, but this would have pre-
 sented mechanical difficulties as the
 central block moved toward the less-

 thick off-axial positions. Why the cen-
 tral block is thus different from the
 adjacent blocks is not yet clear. Near
 the edges of the observed profile the
 anomalies are smaller than those of
 the model, although both are of the
 same form; this could mean that the
 bodies there are slightly less than 2

 WEST EAST

 500 km 0 500 km

 gammas ' ' 4
 1000 F ?

 ELTANIN 21

 km J

 1000p 1 4 vX kA NxSAv3

 ELTANIN 20

 1000 - 4 3

 0

 ELTANIN 19

 3_-

 500 km 0 500 km

 Fig. 2. Observed profiles, of magnetic anomalies and bathymetry, along the tracks
 shown in Fig. 1; they have been projected along an azimuth at right angles to the
 ridge axis. The numbers correspond with those in Fig. 1.
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 km thick, that the magnetization has
 decreased because of remnant viscous

 decay, or that chemical alteration has
 occurred.

 The lower part of Fig. 3 includes a

 time scale related to the distance scale

 by the spreading rate of 4.5 cm/yr.

 A history of reversals of the geomag-
 netic field is thus postulated for the

 past 10 million years and is given
 more precisely in Table 1. The two
 main assumptions on -which this his-
 tory is based are that (i) the process
 suggested by Vine and Matthews is

 WEST EAST

 KM 400 200 0 200 400 KM

 GAMMAS GAMMAS
 1000 1000

 1000[ 10

 t000[ -000

 KM
 O w KM 5~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0
 M.E a 6 4 0 S2 4 6 A IM. M'Y I L6 - _ My.Y

 GILBERT GAUSS MATUYAMA BRUNHES MATUYAMA GAUSS GILBERT
 REV. NORM. REV. NORM. REV. NORM. REV,

 Fig. 3. The middle curve is the Eltanin- 19 magnetic-anomaly profile; east is to the
 right. The upper anomaly profile is that of Eltanin-19 reversed; west is to the right.
 On the bottom is the model for the Pacific-Antarctic Ridge. The time scale (millions
 of years ago) is related to the distance scale by the spreading rate of 4.5 cm/yr.
 The previously known magnetic epochs since the Gilbert epoch are noted. The
 shaded areas are normally magnetized material; unshaded areas, reversely magnetized
 material. Above the model is the computed anomaly profile.

 WEST EAST

 KM IS0 1O0 50 0 50 100 150 KM

 1000
 I GAMMAS

 NO. 47

 NO. 48

 NO. 49

 KM

 M.Y. 10 8 6 4 2 0 2 4 6 8 M.Y.

 Fig. 4. Bottom shows the Pacific-Antarctic model applied to Reykjanes Ridge, with
 a time scale related to distance by a spreading rate of 1 cm/yr. The top profile
 is the one computed from the model. The bottom three profiles are from an aero-
 magnetic survey of Reykjanes Ridge (6); they are projected at right angles to the
 ridge axis.
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 operative, and (ii) the spreading rate
 for the last 10 million years was con-
 stant for the Eltanin-1 9 traverse. Con-
 firmation of both these assumptions is
 enhanced if the Pacific-Antarctic model
 can be applied to another part of the
 worldwide ridge system, with some ad-

 justment in spreading rate. Heirtzler
 et al. (6) observed a high degree of

 linearity and symmetry of the mag-
 netic pattern associated with Reykjanes
 Ridge in the North Atlantic. Vine
 (12) has used the history of the geo-
 magnetic field during the past 3.4 mil-
 lion years to determine a rate of

 spreading for Reykjanes Ridge of about
 I cm/yr; use of this spreading rate
 contracted the entire Pacific-Antarctic

 model by a factor of 4.5 in the hori-
 zontal dimension but left the thickness

 of the blocks unchanged. The upper
 surface of these blocks was made to
 conform to certain published depths
 for that area (13). The direction and
 strength of the geomagnetic field ap-
 propriate to the area of Reykjanes
 Ridge were applied.

 Figure 4 shows the model, the the-
 oretical anomaly profile that this model

 produces, and three measured profiles
 from the aeromagnetic survey of Reyk-
 janes Ridge; the measured profiles
 were chosen for comparison because
 they were among the longest and be-
 cause they were farthest from Iceland

 and possibly disturbing effects of the
 Icelandic land mass. Considering the
 severity of the test for this model, we
 feel that the similarity of computed and
 observed profiles is generally good,
 especially on the eastern side.

 There is a good indication that the
 spreading rates at the Eltanin- 19 pro-
 file and at Reykjanes Ridge have both
 been constant during the last 10 mil-
 lion years; if not, one would have to
 assume that the rate changed nearly
 simultaneously and similarly at both
 locations. If neither of these hypoth-
 eses has been true, it should have
 been difficult to compare the Pacific
 Antarctic-body model with observed

 data from Reykjanes Ridge. It is more
 reasonable to assume constant spread-
 ing rates. There are indications, how-
 ever, that mechanical constraints such

 as changes in direction of the ridge
 axis, juncture with other ridges, or junc-
 ture with continental masses can cause
 the spreading to be obstructed: notice,

 for example, that anomaly 3 on the
 western side of the third magnetic

 profile from the top (Fig. 2) is locally
 compressed.

 SCIENCE, VOL. 15S4
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 Table 1. Periods of normal geomagnetic
 polarity during the last 10 million years;
 intervening periods were of reversed polarity.

 Millions of years ago

 0.00- 0.70 4.32- 4.47 7.08- 7.12
 .90- .95 4.63- 4.74 7.20- 7.51
 1.80- 1.95 4.80- 4.95 7.60- 7.66
 2.40- 3.00 5.74- 5.92 7.95- 8.33
 3.20- 3.40 6.03- 6.27 8.42- 8.55
 4.00- 4.16 6.60- 6.74 8.84-10.00

 While an isolated ridge segment may

 or may not change its spreading rate
 with time, the rate may change with
 geographic position; the rates of 1, 3,
 and 4.5 cm/yr quoted for Reyk-
 janes, Juan de Fuca, and Pacific-
 Antarctic ridges, respectively, illustrate
 this point. The variation in relative posi-
 tion with respect to the ridge axis of
 the magnetic anomalies (Fig. 2) indi-
 cates the possibility that the spreading
 rate can change noticeably over the
 relatively small geographic distance
 between profiles; this fact allows inter-
 pretation of the anomaly patterns in
 the northeast Pacific. Figure 5 shows
 types of magnetic patterns that might
 result from a spreading rate that
 changed with geographic position along
 the axis of a ridge but not with time.

 Figure 5a shows that a minor varia-
 tion in spreading rate could create two
 adjacent anomalies that, although es-

 Ia) i(b)
 AXIS AXIS

 111k__- \ 4 4X011l1

 (C) AXIS AXIS (d)

 Fig. 5. (a) Shows how a minor variation
 in spreading rate could create adjacent
 anomalies (shaded), at a distance from
 the ridge axis, that are essentially parallel
 with each other but not parallel with the
 ridge axis. (b) A large variation in
 spreading rate close to the ridge axis cre-
 ates nonparallel anomalies. (c) A dif-
 ference in spreading rate across a fracture
 zone (F.Z.) creates differences in apparent
 offset of the anomaly pattern along the
 fracture zone. (d) Shows how spread-
 ing from nonparallel axes of a ridge canl
 produce a disturbed area; the line be-
 tween the two axial segments is 'a trans-
 form fault (T.F.).
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 sentially parallel with each other, would

 not strike parallel with the ridge axis;

 this condition would exist far from the

 ridge axis, since near the axis the
 anomalies would appear parallel not

 only with each other but also with the

 axis. If the variation in spreading rate

 were great enough, anomalies adjacent

 to the axis would be distinctly non-

 parallel with the ridge axis (Fig.

 5b); this effect could account for the
 pattern on the eastern side of Gorda

 Ridge (14). Figure 5c shows a discon-
 tinuity of spreading rate at a fracture

 zone; the offset in anomalies across

 the fracture zone is greatest for the

 older anomalies and less for the young-

 er. An offset ridge axis, with a dis-

 continuity in spreading rate across a

 fracture zone, would create similar pat-
 terns; such patterns could explain the
 small variation in offset of the mag-

 netic anomalies across the Mendicino

 and Pioneer fracture zones.

 Figure 5d shows a constant spread-

 ing rate along the axis, but with non-
 parallel segments of the axis. The junc-
 ture of the Juan de Fuca and Gorda

 ridges (14) is reminiscent of this pat-

 tern, with epicenters in great density

 along the transform fault between the

 offset axes (14, 15). Certainly other
 patterns of magnetic anomalies may be

 derived by various combinations of

 axial positions and spreading rates.
 Thus the spreading rate of 3 cm/yr

 found by Vine (12) for the Juan de
 Fuca Ridge is not, we feel, necessarily

 indicative of the rate for all the north-

 east Pacific; rather one would expect

 to find a broken pattern in most areas,
 like the pattern in the northeast Pacific.

 We feel that these results strongly

 support the essential features of the
 Vine and Matthews hypothesis and of
 ocean-floor spreading as postulated by
 Dietz (16) and Hess (17). The very
 rapid apparent-spreading rate in the

 South Pacific permits one (using a con-
 stant spreading rate) to date reversals

 of the geomagnetic field back to 10
 million years ago.

 The bodies of the Pacific-Antarctic,
 when adjusted for slower spreading
 rate, fit well with magnetic anomalies
 observed over Reykjanes Ridge in the
 North Atlantic. Preliminary examina-
 tion of magnetic data from Gorda
 Ridge in the northeast Pacific shows

 (especially on the western side) great
 similarity to the Eltanin- 19 profile.

 Magnetic profiles over the Pacific-

 Antarctic Ridge in areas other than

 those discussed by us demonstrate the

 same similarity. Other magnetic pro-

 files from over the Pacific-Antarctic

 Ridge, the Indian-Antarctic Ridge
 (south and southwest of Australia), and

 the Mid-Atlantic Ridge in the South

 Atlantic indicate the possible applica-

 tion of this model to those areas.
 W. C. PITMAN III

 J. R. HEIRTZLER

 Lamont Geological Observatory,

 Columbia University,

 Palisades, New York
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 Copper Artifacts from Prehistoric

 Archeological Sites in the Dakotas

 Abstract. Thirteen archeological spe-

 cimens were analyzed spectrographi-

 cally, and within defined limits they

 were determined to be native copper.

 Twelve of the specimens show close
 elemental homogeneity and are believed
 to be of Lake Superior ore; the origin

 of the other specimen is devious.

 Although numerous stone, bone,
 shell, and vegetal remains from archeo-

 logical sites on the Northern Plains
 have been analyzed and identified, only

 two brief statements have been pub-
 lished which are relative to native cop-

 per artifacts from prehistoric sites in
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