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ABSTRACT OF THE DISSERTATION

Some aspects of the structure and magnetization of the oceanic crust

by

Roi Granot
Doctor of Philosophy in Earth Sciences

University of California, San Diego, 2009

Steve C. Cande, Chair
Jeffrey S. Gee, Co-Chair

The structure and magnetization of the oceanic crust reflect its tectonic and
magmatic evolution since its initial formation. The magnetization of the crust also
provides a record of the polarity reversals and strength of the Earth’s geomagnetic
field. In this dissertation I first describe absolute paleointensity measurements
made on gabbroic rocks collected from the lower oceanic crust of the Troodos
ophiolite, Cyprus. The resultant data-set provides a view into the the geomag-
netic field during the end of the Cretaceous normal polarity superchron (CNS,
120.6 to 83 million years ago). This data-set is then compared to the locally and
globally existing data and predictions made by geodynamo numerical simulations.
The results hint that the geomagnetic field had similar properties during times of
frequent reversals and times of stable polarity. The second chapter of this disserta-
tion is focused on the marine magnetic anomalies observed across the North Pacific
fracture zones. Here I analyze archival and newly collected magnetic anomaly and
bathymetric profiles measured across three fracture zones in the Cretaceous Quiet

Zone (CNS in age). Forward and inverse modeling indicate that these anomalies

xiii



arise from remanent magnetization, with enhanced remanence located on one side
of each fracture zone. These long-duration enhanced zones require some long-
lived asymmetry in crustal construction processes near ridge-transform intersec-
tions. The calculated magnetization contrasts provide long-term constraints on
the properties of the geomagnetic field during the Cretaceous superchron. Finally,
using seismic reflection and magnetic anomaly grids collected in the Adare Basin,
Antarctica, I explore the kinematic evolution of the West Antarctic rift system
during the Neogene. Correlation of the Adare seismic sequence to the closest drill-
holes and the Ross Sea seismic stratigraphy establishes the temporal framework of
three regional tectonic events. Overall, minimal but significant extensional activity
took place in the Adare Basin after seafloor spreading stopped. Comparison of the
results with observations from the central and southern parts of the rift system

suggests that a major change in plate motion took place in the middle miocene.
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A view 1into the Cretaceous geomagnetic field
from analysis of gabbros and submarine glasses
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Abstract

The nature of the geomagnetic field during the Cretaceous normal polarity superchron (CNS) has been a matter of debate for
several decades. Numerical geodynamo simulations predict higher intensities, but comparable variability, during times of few
reversals than times with frequent reversals. Published geomagnetic paleointensity data from the CNS are highly scattered
suggesting that additional studies are required. Here we present new paleointensity results from 18 sites collected from the lower
oceanic crust of the Troodos ophiolite, Cyprus (92.1 Ma old). Together with recently published data from the Troodos upper crust
we obtain three independent paleointensity time-series. These sequences reveal quasi-cyclic variations of intensities about a mean
value of 54+20 Z Am?, providing insight into the fluctuating nature of the Cretaceous magnetic field. Our data suggest the CNS
field was both weaker and more variable than predicted by geodynamo simulations. The large amplitudes of these variations may
explain the wide range of dipole moments previously determined from the CNS.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Cretaceous normal polarity superchron; paleointensity; Troodos ophiolite; paleomagnetism; geomagnetic field

1. Introduction

Convection within the liquid metal outer core is
believed to generate the geomagnetic field [1]. Recent
geodynamo numerical simulations have shown that heat
flux distribution at the core—mantle boundary has a
profound influence on the efficiency of convection
within the core and therefore, on the character of the
magnetic field [2,3]. In particular, the simulations
predict that prolonged features in the history of the
field, such as long times of stable polarity (superchrons),

* Corresponding author.
E-mail address: rgranot@ucsd.edu (R. Granot).

0012-821X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.epsl.2006.12.028

are controlled by the lower mantle thermal structure and
ought to correspond with a high efficiency dynamo.
They also predict that superchrons would be associated
with an elevated dipole moment but comparable
variability relative to times of high reversal frequency
[2]. These predictions can be tested using geomagnetic
paleointensity data from the Cretaceous normal polarity
superchron (CNS, 120.6 to 83 Ma [4,5]).

Studies of the CNS using both volcanic and
sedimentary rocks have lead to strikingly different
conclusions regarding the strength and variability of
the geomagnetic field (e.g., [6—15]). Some studies
suggest rather low average moments (17 Z (10*!) Am?
[6,7]) while others have moments as high as 190 Z Am?
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[8—10]. This range of dipole moments is similar to that
observed during the Cenozoic, a time with high reversal
frequency [16]. Moreover, some studies have suggested
low variability of the field (10% of the mean, [17]) while
others displayed substantially higher variability (55% of
the mean, [10]).

The controversy regarding the nature of the geomag-
netic field during the CNS could result either from
inadequate sampling of the field [13] or from unreliable
data, or both. However, there is now a rather large body
of published data, much of which conforms to the
highest experimental standards. The current debate
therefore revolves around selection criteria and the
reliability of various recording media [18].

One heretofore unavailable tool to assess the
reliability of absolute paleointensity data in the CNS is
the degree to which sequential data points display serial
correlation. Several sedimentary relative paleointensity
records have been produced [14,15], but time-series of
absolute paleointensity data from the CNS have not
been available and in fact are difficult to obtain. If such a
serial correlation could be demonstrated, the geomag-
netic origin of the observed variation, as opposed to
“noise” would be strongly supported. The magnetization
of the oceanic crust as evidenced in magnetic anomaly
amplitudes [19-21] may provide a means of obtaining
geomagnetic intensity fluctuations but such data are
presently insufficient for the CNS. Here we examine
paleointensity variations in samples from the oceanic
crust exposed in the Troodos ophiolite.

[ TExtrusives [ ] Sheeted Dikes

Plagiogranite

The Troodos ophiolite on the island of Cyprus offers
a remarkable exposure of a portion of the oceanic crust
dated with uranium—lead as being late Cretaceous in age
(92.1 Ma, [22]). Extensive normal faulting and
hydrothermal massive sulfide bodies exposed across
most of the ophiolite are consistent with crustal
formation at a slow to intermediate spreading center
(full spreading rate of 20-75 mm/yr) [23-27]. The
lower oceanic crust within this kind of spreading
environment typically comprises discrete, short-lived,
magma bodies (i.e., cooling units) [28].

The Troodos ophiolite comprises a complex tec-
tonic framework with several ancient spreading axes
penetrating into previously existing crust [29,30]
(Fig. 1). The locations of the fossil spreading axes,
representing the youngest rocks, are constrained by
several independent structural observations. Blocks of
sheeted dikes with opposite tilt and axial extensional
faults mark the upper crustal exposure of the spreading
axes [29,31]. The location of the spreading axis in the
lower crust is more difficult to establish. Granot et al.
[32] delineate the axis in the lower crust by using
remanence data to identify lower crustal blocks that are
decoupled from the upper crust. The chronological
relations between the different structural domains are
poorly constrained, but within a single domain lower
crustal samples can be placed in a relative temporal
framework using distance from the inferred spreading
center as a proxy for the arrow of time. Moreover,
there are several pseudo-stratigraphic sections through

[ |Gabbro [ Ultramafic suite —_Dike ®Site

Fig. 1. Sampling sites from the Troodos ophiolite, Cyprus. (a) Gabbro sampling sites within the central intrusive suite. Heavy dashed lines and arrows
indicate the location of the paleospreading axis and spreading direction, respectively. The axial location is inferred where minor lower crustal
rotations occurred [32]. Solid (open) circles are the successful (unsuccessful) paleointensity sites. The fine dashed lines indicate the projections used
to determine the distance of successful paleointensity sites along a flow line (shown in Fig. 3a). Distance along the flow-line is measured from the
center of the Solea spreading axis. (b) Glass sampling sites (top) [10], and a schematic cross section through the extrusive sampled section (bottom).

Their corresponding paleointensity time-series are shown in Fig. 3a.
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the upper crust that also allow temporal ordering of
cooling units.

For a time-series through the lower crust, we seek a
coherent slice of gabbro in which relative age is well
constrained. Deformation of the upper crust sheeted
dikes [33,31] and rotations within the lower crust [32]
imply that a coherent slice of crust is exposed near the
intersection of the Solea spreading center and the
Arakapas transform fault (Fig. 1). This slice contains the
Solea spreading axis and extends some 6 km to the east
(remanence data from lower crustal samples east of this
slice (Granot, unpublished data) suggest that these
eastern sites formed within a different spreading en-
vironment). Exposures of the gabbros parallel to the
spreading direction within this coherent slice offer the
possibility of constructing a temporal record of the
Cretaceous geomagnetic field. Although the spatial
variability of magma injection in the accretion zone [28]

limits the temporal resolution, the distance of the gabbro
sites from the spreading axis should provide an
approximate temporal order. Here we consider only
intensity variations in these gabbros; variations in
remanence directions have been discussed by [32].

A second opportunity for temporal ordering is in the
exposures of the upper crust in the Akaki Canyon and
the Kampia mine area (Fig. 1). Tauxe and Staudigel [10]
presented a large collection of data from these sections
which we re-examine in terms of their spatio/temporal
relationships.

In this study we present new data from 221 gabbroic
samples obtained from 35 sites in the lower Troodos
crust (Fig. 1), many of which can be located with respect
to the ancient spreading center, and hence form a time-
series. The Cyprus drilling project, CY-4, provides 12
additional sampling units of gabbroic material which
contribute to the data set as a whole, but which cannot be

NRM (1Am?)

200 T107b
5 50 6
0
o dop W 50
£
40
3 30
= 30
T 20
=2 B=38.9 uT 20
10 10
0 20 40 60

pTRM (LAm?)

£
0

20 40 60 80 100
pTRM (LAm?)

Fig. 2. Plots of representative examples of the modified Thellier—Thellier (IZZI) experiments on the Troodos lower crustal gabbros. Blue (red)
symbols are the ZI (IZ) steps. Triangles and squares indicate pTRM checks and pTRM tail checks, respectively. Black line is the “best-fit” line over
the temperature range used to estimate the intensity of the geomagnetic field. Insets show the corresponding vector end-point diagrams in specimen
coordinates. Open and closed symbols indicate projections on the vertical and horizontal planes, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Summary of paleointensity results

Specimen T\ T> N Bue MAD fus ¢ pTRM DRATs DANG f VADM R VADMaarm
€0 (C) (1T %) tail ©) (Z Amd) (Z Amd)

T5-3a 400 570 11 204 26 82 270 29 12 1.3 0.03 453

T5-3b 300 570 12 191 29 89 263 1.3 12 1.1 0.03 424

T5-3¢ 300 570 12 224 3.6 86 474 28 16 1.3 0.01  49.7

T5-4a 400 570 11 179 27 80 256 62 18 1.2 0.03  39.7 I

T5-4b 300 560 10 169 4.8 78 13.6 55 9 1.0 0.06 37.6

T5-4cc 400 570 11 213 3.6 81 39.5 1.6 16 33 0.02 474 I

T5-6b 300 570 12 260 25 89 357 1.8 10 1.6 0.02 579 I

T5-7a 450 570 10 200 2.1 76 18.2 1.9 8 3.5 0.04 44.6

T5-7bc 400 575 12 238 25 80 304 9.1 15 2.2 0.02  53.0 1.008 52.5

T5-7cc 400 570 11 254 34 83 320 1.6 15 2.4 0.02  56.5 I

T6-11 450 575 11 583 2.0 87  36.6 1.3 18 0.5 0.02 130 I

T6-12 450 575 11 606 1.8 8 659 09 22 0.8 0.01 135 I

T6-13 450 575 11 56.6 1.1 86  28.8 1.0 15 1.2 0.02 126

T6-14 450 575 11 61.6 2.0 89 635 1.9 10 0.2 0.01 137

T6-51 520 575 9 432 28 78 17.6 1.6 22 2.7 0.04 96.2 I

T6-54 450 575 11 527 27 83 325 44 13 0.8 0.02 117

T8-31 400 555 8 263 34 75 183 6.1 22 3.5 0.03 585

T8-33 500 565 8 273 4.1 67 925 44 21 4.0 0.06  60.7

T8-34 300 560 10 297 3.6 80 169 47 13 3.7 0.04  66.1 I

T8-35 450 570 10 192 49 76 129 4.0 16 43 0.06 42.6

T8-51 300 560 10 260 34 82 154 33 23 32 0.05 57.8

T10-1a 300 560 10 434 27 88 395 2.0 16 22 0.01  96.7 1.156  83.6

T10-2cc 300 555 9 390 33 86 273 5.7 17 3.6 0.02  86.7

T10-2a 300 565 11 333 1.6 93 266 2.0 7 1.4 0.02 74.0 0.969 763

T10-3¢ 450 565 9 420 14 88 170 0.8 14 1.4 0.04 933

T10-3dc 300 565 11 361 32 87 290 6.0 17 1.3 0.02 803

T10-5a 300 565 11 417 1.6 91 64.1 2.0 10 1.0 0.01 92.8

T10-5b 300 565 11 439 2.0 90 669 42 11 0.9 0.01 97.7

T10-5¢ 300 560 10 453 32 93 386 2.1 6 2.4 0.02 101 1.609  62.7

T10-6b 300 555 9 323 30 92 46.1 4.0 11 4.6 0.01 71.8 0.778 922

T10-6¢ 300 550 8 592 33 91 20.3 4.0 18 9.6 0.03 132 1.832  72.0

T10-7a 450 555 7 427 15 87 184 34 11 1.7 0.03  95.0

T10-7b 450 560 8 389 20 90  49.7 3.6 6 1.2 0.0l  86.5

T10-7¢ 450 560 8 352 26 81 164 68 7 34 0.04 784

Tll-la 300 575 13 338 3.1 92 402 0.7 19 2.0 0.02 752

T11-1b 400 560 9 325 39 77 214 25 24 1.5 0.03 724 1

T11-4b 450 570 10 328 22 84 299 2.1 17 2.1 0.02 729

T11-4cc 400 565 10 298 23 80 264 438 19 2.6 0.02  66.3 [

T14-5b1 500 570 9 309 1.6 89 226 1.4 8 0.6 0.03  68.7

T14-5b2 450 575 11 325 2.0 88 228 1.6 12 1.3 0.03 724

T14-5b3 450 570 10 347 13 88 551 3.9 11 0.8 0.01 77.1

T14-5b4 520 570 8 351 1.8 71 122 195 15 2.2 0.05 78.1

T16-61 400 570 11 133 3.7 72 252 46 16 4.8 0.02 295

T16-62 400 565 10 129 4.1 65 16.7 5.6 18 5.5 0.03 287

T16-65 500 560 7 125 47 56 876 59 22 7.9 0.05 27.8

T17-71 450 570 10 184 32 91 48.2 1.2 23 4.1 0.01  41.0

T21-5a 450 565 9 218 39 76 262 42 25 42 0.03 485

T21-5b 400 570 11 229 27 81 17.8 2.7 15 5.5 0.05 509

T21-5¢ 500 570 9 210 438 58 322 6.2 25 5.0 0.01 46.8

T29-6a 300 575 13 374 43 88 334 20 13 1.1 0.02 832

T29-6b 500 575 10 366 24 50 298 47 25 1.8 0.01 815

T29-6¢¢ 450 565 9 422 28 82 368 3.8 15 22 0.02 93.8 I

T32-11 500 575 10 22.0 3.5 75 380 2.0 10 1.8 0.02  49.0

T32-12 500 575 10 139 32 80 313 33 6 34 0.02  31.0

T32-13 500 575 10 158 24 80  27.8 2.5 7 2.8 0.02  35.1

T32-14 530 570 7 236 3.1 59 152 46 11 3.9 0.04 525

T35-11 450 565 9 201 32 59 18.6 44 17 2.1 0.04 448 I
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Table 1 (continued)

Specimen Ty, T» N Buge MAD fu ¢ pTRM DRATs DANG g VADM R VADM Arm
©C)  (°C) (uT) (%) tail ©) (Z Am’) (Z Am’)

T35-12 520 570 8 226 30 51 238 3.1 17 2.5 0.02 502

T35-13 500 565 8 231 24 64 208 21 20 4.7 003 514

T35-14 450 570 10 250 33 74 131 43 1 9.2 0.05 556 1

T36-32 520 570 8 218 34 64 277 46 25 4.1 0.02 484

T36-33 500 575 10 220 1.9 86 261 26 15 0.4 0.03  49.0

T36-34 500 575 10 214 26 83 253 57 23 12 0.03 476

TR3-cl1-1 300 565 11 301 20 97 258 08 25 32 0.03 669

TR3-c1-2 450 560 8 368 24 80 150 30 18 1.4 0.04 820

TR3-c1-3 300 550 8 352 3.1 78 112 38 6 34 0.05 783

TRS-el-1 500 570 9 250 44 78 17 13 21 2.3 0.07 556 1

TRS-e1-2 500 570 9 239 29 77 124 50 15 35 0.06 532 I

TR5-¢l-4 550 575 6 294 26 50 914 67 19 46 005 654 I

TR6-a2-1 400 555 8 311 24 77 867 42 5 43 0.07 692

TR6-a2-2 300 560 10 286 36 79 170 20 19 48 0.04 636

TR6-a2-3 400 550 7 303 46 63 120 5.1 11 8.0 0.04 674

CY-4, 781.5-1 500 570 9 592 3.0 70 168 35 11 2.0 0.04 132

CY4,781.52 450 575 11 526 24 84 253 14 9 1.9 0.03 117

CY4,781.53 500 575 10 506 40 73 233 62 15 1.8 0.03 113

CY-4, 103425-1 300 570 12 231 39 83 322 25 25 45 002 513

CY4, 1034252 300 575 13 242 3.1 87 395 38 20 4.1 0.02 539 1138 473

CY-4, 1034.25-3 300 575 13 198 3.8 81 224 22 24 35 0.03 440 I

CY4, 13292-1 500 575 9 324 22 71 140 3.1 17 1.0 005 721

CY4, 132922 300 565 11 397 17 95 259 33 13 0.8 0.03 883

CY-4,13292-3 300 565 11 402 1.8 93 317 15 19 2.1 002 894

Temperature range used in the best-fit line is between 7 and 7>. N corresponds to the number of points used in the calculation, and By, is the
resultant intensity of the field. fiqs, ¢, and  are the fraction of remanent magnetization (based on the vector difference sum), quality factor, and the
degree of scattering for the chosen data points. MAD (maximum angular deviation), pTRM checks, DRATs (difference ratio sum), and DANG
(deviation angle) are parameters used to assess whether chemical alteration or abnormal magnetic behavior was taking place during the experiments
(Appendix A). The degree to which a given specimen was affected by remanence anisotropy is shown by R. We denoted R as I for the isotropic
specimens. VADMu arm corresponds to the VADM corrected for anisotropic effect. None of the values are corrected for slow cooling effect. These
specimens all passed the zig-zag test. Labels for the specimens from CY-4 drill site correspond to their depth (m). Note: the site labels here differ from
those in [32] by the addition of the letter T, added here to distinguish the gabbro sites from the glass sites from [10].

placed in the time-series from outcrop samples. We will
first address the suitability of the Troodos gabbros for
paleointensity measurements.

Then we will compare the Troodos results with other
published paleointensity data from a similar time
interval including the results from the upper crust of
Tauxe and Staudigel [10]. Finally, we will discuss the
implications of the paleointensity data for the results
from numerical simulations.

2. Methods

The gabbro samples were sliced into specimens 5 to
10 mm in size. These were fixed into quartz tubes and
then measured in the magnetically shielded room at the
paleomagnetic laboratory of the Scripps Institution of
Oceanography. The Thellier—Thellier method is widely
accepted for determining absolute geomagnetic inten-
sity. In this technique, samples are repeatedly heated

and cooled in zero field or in a laboratory field at
progressively higher temperature steps [34]. Accurate
absolute paleointensities require that the blocking and
unblocking temperatures be identical (i.e., the reciproc-
ity condition, where the magnetic carriers have single
domain like behavior), and no mineralogical alteration
takes place while re-heating the samples in the
laboratory. To monitor the equivalence of blocking
and unblocking temperatures, we performed a modified
version of Thellier—Thellier method (the 1ZZI experi-
ment of [35]; Fig. 2). In this method we successively
heat each specimen to a given temperature. Then one of
two procedures was followed. In the ZI procedure, the
specimen is cooled first in zero field (Z) followed by re-
heating and cooling in a 40 uT laboratory field (I). In the
other procedure (IZ), the specimen is cooled first in the
laboratory field, then re-heated and cooled in zero field.
The laboratory field was directed along the specimen’s
“7Z” axis. These IZ and ZI steps are alternated for
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subsequent temperature steps. Within a given temper-
ature step we re-heat the specimens to a lower
temperature step and cool in the laboratory field to
assess the change of their capacity to acquire partial
thermal remanent magnetization (a pTRM check). We
also performed an additional step in which we re-heated
and cooled the specimens in zero field (a pTRM tail
check) to assess whether the pTRM acquired at a given
temperature is fully removed by cooling in zero field at
the same temperature. The existence of so-called high
temperature pTRM tails can perhaps better be revealed
by the zig-zagging pattern in the IZZI experiment as
shown in the natural remanent magnetization (NRM)
versus pTRM (Arai plot, please see Appendix A for a
thorough description of the analysis procedure), or in the
vector end-point diagrams. We performed a total of 12 to
15 temperature steps for a total of up to 45 measure-
ments on each specimen. The results are evaluated
according to statistical criteria explained in Appendix A.

3. Results
3.1. Lower crust paleointensity results

The IZZI experiment reveals a characteristic compo-
nent of magnetization unblocked in the 350-580 °C
temperature range and occasionally a minor additional
low-temperature (<200-300 °C) overprint magnetiza-
tion (see insets to Fig. 2). The typical maximum un-
blocking temperatures are near 580 °C. The magnetic
carriers demonstrate a relatively high coercivity spectra
(median destructive field of 45 mT) [32]. These char-
acteristics suggest that the magnetic carrier of the
Troodos gabbros is an oxyexsolved low-Ti titanomag-
netite of single to perhaps small pseudo-single domain
grain size.

From the entire specimen collection, ninety one
samples passed all criteria (examples are shown in
Fig. 2). The results were then averaged by site. Our
sampled sites are located hundreds to thousands of
meters apart, implying that each site mean is likely to
represent a distinct cooling unit.

The sources for paleointensity variations within a
given site include alteration, measurement errors, or
remanence anisotropy. Both alteration and measurement
errors can be detected by the various statistical criteria
(Appendix A). The relative orientation of the remanence
anisotropy tensor and the direction of the laboratory
field controls the way in which the anisotropy effects the
resultant paleointensity value (Appendix A, [36]). Our
drilled cores and sliced specimens were randomly
oriented with respect to one another, which results in a

random anisotropic effect. Therefore, sites showing a
well grouped paleointensity results (i.e., the results
deviate less than 25% or 5 pT from the site mean) are
unlikely to be biased by anisotropy. For specimens with
a higher degree of variation relative to their site mean,
we determined the remanence anisotropy and corrected
the paleointensity estimate following [36]. The correla-
tion between the degree of deviation from the site mean
and the degree to which a given specimen is effected by
anisotropy (R, Table 1) further confirms the assumption
that significant remanence anisotropy is manifested by
substantial within-site paleofield scatter. Sites with
within-site variability greater than 25% or 5 pT even
after the remanence anisotropy correction were elimi-
nated from further consideration.

We consider only sites that have at least three
specimens. After examination of the consistency of the
results within and among specimens from a given site,
we are left with 18 high-quality sites, with a total of 80
specimens (Fig. 3, Tables 1 and 2). The average virtual
axial dipole moment (VADM), unadjusted for slow
cooling, for the gabbros is 67+24 Z Am? (paleolatitude
of 20° [37]). The variations in the dipole moments are
up to 35% of the mean and are similar to the Cenozoic
magnetic field variations [16].

Within our acceptable data set, eight gabbroic sites are
located within a single tectonically undisrupted domain
(Fig. 1) and can be used to examine temporal variations
of the geomagnetic field (Fig. 3a). The paleointensity
data from these sites exhibit considerable serial correla-
tion and appear to define a quasi-cyclic geomagnetic
field variation along the 11 km of the lower oceanic crust.
Assuming a full spreading rate of 20 to 75 mm/yr [23—
27], this corresponds to 0.3 to 1.1 Ma of accretion.

3.2. Upper crust paleointensity analysis

In addition to the time-series from the gabbro
samples presented in the foregoing, Tauxe and
Staudigel [10] presented data from submarine basaltic
glasses (SBG) obtained from two transects through
the Troodos extrusive section providing two inde-
pendent temporal views of the CNS magnetic field
(Fig. 1). These transects are located east of our gabbro
sequence and consequently record different, most
likely earlier times of the CNS field. The two tran-
sects are 10 km apart along the spreading direction,
implying an age difference of some 0.2 to 1 Ma
(Fig. 1). Each transect contains up to ten geochem-
ically distinctive units [38] creating a time-series that
might span as much as 10° yrs [39]. The actual time
interval between the various pillow lava flows is
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Fig. 3. Summary of paleointensity data from the Troodos ophiolite. All results were converted to VADM (assuming a paleolatitude of 20° [37]).
(a) Three time-series of the magnetic dipole moments during the late CNS from the gabbros and glasses [10]. Gray areas represent gaps in time
estimated from moderate spreading rate (full spreading rate of 20 to 75 mm/yr). Results for the gabbro specimens are shown as individual
points and are corrected for cooling rate and anisotropy (see text for details). Results for the SBG sites correspond to the average results from
successive cooling units (color scheme same as in Fig. 1b). Dashed line represents the average field of the Cenozoic [16]. (b) Histograms of all
paleointensity data available from the upper [10] and lower Troodos crust. Data counts are from individual sites. Results for the gabbros are

corrected for cooling rate.

unknown. From the original work of [10], we have
used only those data points whose age relations were
known from stratigraphic order and conformed to our
selection criteria (Fig. 3a). Glasses from dikes have
been excluded from consideration. These two time-

series, although more scattered than the gabbroic
series, also appear to exhibit serial correlation. Their
grand mean averaged VADM was reported as 75+
41 Z Am* whereas the mean VADM of the data
subset used here is 77+36 Z Am?”.

Table 2

Summary of site statistics based on the results shown in Table 1

Site Lat. (°N) Long. (°E) N B (uT) op 100(a/B) VADM (Z Am?) OvADM
T5 34.5376 32.5023 10 213 3.0 7.8 37.8 5.4
T6 34.5545 32.4905 6 55.5 6.8 122 98.8 12.1
T8 34.5416 32.5916 5 26.9 5.2 19.5 47.8 9.3
T10 34.5307 32.5247 13 38.0 4.6 12.1 65.7 10.3
TI1 34.5342 32.5210 4 322 1.7 53 573 3.0
T14 34.5359 32.5395 4 333 2.0 59 59.2 34
T16 34.5279 32.5438 3 12.9 0.4 3.1 229 0.7
T21 34.5362 32.5763 3 21.9 1.0 43 38.9 1.6
T29 34.5249 33.0302 3 38.7 3.0 7.8 68.9 5.3
T32 34.5222 33.0479 4 18.8 4.7 24.9 335 83
T35 34.5423 33.0104 4 22.7 2.0 8.8 40.4 35
T36 34.5361 33.0168 3 21.7 0.3 1.4 38.6 0.5
TR3 34.5826 32.5576 3 34.0 35 10.2 60.6 6.2
TRS 34.5547 32.4741 3 26.1 2.9 11.1 46.4 5.1
TR6 34.5612 32.4726 3 30.0 1.3 42 533 22
CY-4, 781.5 33.0538 34.5406 3 54.1 4.5 8.3 96.5 8.0
CY-4, 1034.25 33.0538 34.5406 3 21.4 1.7 7.7 39.7 4.1
CY-4,1329.2 33.0538 34.5406 3 374 4.4 11.6 66.6 7.7

N are the number of specimens used in the calculation. The averaged field values (B, o) are not corrected for cooling rate, whereas the virtual axial

dipole moment (VADM, 1.=20°) are corrected for cooling rate (VADM_orrecea=0.8 VADM).
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4. Discussion

Rapidly cooled igneous rocks (e.g., SBG) record the
variability of the geomagnetic field with virtually no
averaging involved, whereas slowly cooled rocks (e.g.,
gabbros) should filter out the short wavelength changes of
the field. Furthermore, the ratio between the cooling rates
of plutonic rocks during formation and in the laboratory
results in an overestimation of the ancient geomagnetic
field [40]. SBG cools in nature at a similar cooling rate as in
the laboratory [41], and consequently require no significant
cooling rate correction. Direct measurements from the
lower crust at the Mid-Atlantic Ridge [42] and thermal
modeling [43] suggest that lower oceanic crustal cooling
(over the 600 to 300 °C temperature range relevant for our
paleointensity estimates) may require up to 10° yrs. These
cooling rates are significantly slower than in the laboratory
and would equate to overestimates of the ancient field by
40% [44,36]. Actual cooling rates for the Troodos gabbros
are poorly constrained but might be significantly faster, for
example due to hydrothermal circulation. We have
arbitrarily corrected the gabbro paleointensity estimates
by a factor of 0.8, corresponding to a 20% overestimate of
the ancient field. Since we are primarily concerned with
paleointensity variations, the precise cooling rate cor-
rection is not critical although cooling rate variations might
account for up to 10% of the between-site paleointensity
variations. Since the cores within each sites are located a
few meters apart, and there were no petrographic (i.e.,
grain size) or any field indications for a thermal boundary,
we conclude that cooling rate variations within a single site
are unlikely and therefore cannot explain within-site
paleointensity variations.

The cooling rate corrected gabbro results range from 23
t0 96 Z Am? (Fig. 4 and Table 2), and the corrected average
VADM of the gabbros is 54+20 Z Am’. This value,
although statistically indistinguishable, is lower than the
extrusive averaged dipole moment. We speculate that the
reason for the difference is that the portions of the crust
discussed here sample different time intervals, and there-
fore record different time-series of the geomagnetic field.

By considering all three time-series, it is possible to
place constraints on the variability of the geomagnetic
field during the CNS in a more definitive manner than
heretofore possible. Discrepancies noted in the pub-
lished data, especially in those studies that had few data
points, are plausibly attributed to under-sampling of the
true geomagnetic field variability, with some studies
sampling peaks of the geomagnetic field [e.g., [9]] and
others sampling low points [e.g., [7]].

The observed trend in the gabbros is also interesting
when taking into account the slow to intermediate
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Fig. 4. Distributions of dipole moments from the late CNS. Heavy gray
line corresponds to the geodynamo numerical simulation results [model
E [2]]. The 95% confidence bounds (fine gray lines) for the numerical
simulation were determined from CDFs for a large number of pseudo-
samples (each with 18 samples as for the Troodos gabbros data) drawn
from the simulation. Gabbros (corrected for cooling rate) and glasses
[10] results are shown in green and red, respectively. The median of the
sediment record (blue, [15]) is adjusted to the median of the numerical
simulation data. In brackets are the number of cooling units that are used
in the calculation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

spreading environment in which the Troodos crust
formed. The quasi-continuous VADM trend is sugges-
tive of a relatively continuous lower crust formation
with negligible re-heating events, if any, after the initial
cooling within the accretion zone.

4.1. Comparison with other data sets and geodynamo
numerical simulations

Cumulative distributions of VADM data allow us to
compare the Troodos data sets and the geodynamo
model predictions (Fig. 4). We use for comparison
Model E of Glatzmair et al. [2] as it is the only model
which shows no reversals throughout the 300 kyr
simulation and best represents the CNS. The mean
values for extrusives (75 Z Am?), intrusives (54 Z Am?),
and the geodynamo numerical simulations (60 Z Am?)
are quite similar, and are comparable to the post-CNS
average intensity field [16,13]. The apparent concor-
dance of our results with the model is artificial, however,
because Glatzmaier et al. [2] argue that the true average
of their numerical simulations must be higher owing the
computational necessity of using unrealistically high
outer core viscosities. The paleointensity data from
Troodos include a substantial number of sites, both from
extrusive and intrusive rocks. The spatial distribution of
these sites, together with the time averaging inherent in
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slowly cooled gabbros, should provide a robust estimate
of the geomagnetic field in the latter part of the CNS. To
the extent that these data are representative, we conclude
that an average value for the late CNS dipole moment
much higher than ~60-70 Z Am? is unlikely.

The comparison between the data sets also allows us to
consider the variability of intensity values in the late CNS.
For this purpose, we plot the sedimentary relative
paleointensity data of Cronin et al. [15], adjusted to a
common median value with the numerical simulation data.
The sedimentary and intrusive data sets have remarkably
similar distributions, and display much less variability than
the extrusives. We attribute this to the fact that both
intrusive and sedimentary samples average the geomag-
netic field over some period of time while extrusives are
more likely to represent “snap shots” of field intensities.
Also, specimens of SBG are weakly magnetized and
instrumental noise means that the weakest specimens are
never measured, resulting in a possible bias in SBG data
toward higher field values. Therefore, the variability of the
geomagnetic field during the late CNS was significantly
higher than that predicted by the numerical simulations.

5. Conclusions

The paleointensity results from 18 sites in the lower
Troodos crust shown here, together with previously
published results from the upper Troodos crust provide
three independent time-series of absolute paleointensi-
ties from the CNS. The serial correlation of the data
provides an independent confirmation of the quality of
our results and agrees with the available sediment and
extrusive records. The observed quasi-continuous

paleointensity trend in the lower Troodos crust also
suggests relatively continuous cooling of the lower crust.
The high variability of the paleointensity data from
the Troodos ophiolite may offer an explanation for
the wide range of paleofield estimates previously re-
ported from the CNS. Based on the mean value of 54+
20 Z Am* we suggest that the geomagnetic field was
weaker and more variable than the predictions made by
the geodynamo numerical simulations. This result can be
used to refine the geodynamo numerical simulations.
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Appendix A. Analysis of IZZI results

The results from the 1ZZI experiment are assessed
according to the following reliability criteria (see Lecture
10 of http:/earthref.org/MAGIC/books/Tauxe/2005/ for
more details). At least five data points are needed in the
calculation. The best-fit lines to the progressive thermal
demagnetization vectors are calculated using principal
component analysis [45]. The maximum angular devia-
tion (MAD) about the characteristic magnetization vector
(ChRM) of the chosen points has to be less than 15°. The

100 F T T T ™
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Fig. 5. Representative illustrations of the selection criteria that were used to evaluate the quality of the measurements. Blue (red) symbols represent
the ZI (1Z) steps. The slopes and the vectorial directions of both ZI and 1Z populations are compared to assess whether the specimens are uniformly
magnetized. Open triangles and squares indicate the pTRM checks and pTRM-tail checks, respectively. Both specimens demonstrate unacceptable
results due to high DRAT (left) and failure of the zig-zag test (right). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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ChRM has to point toward the origin with a deviation
angle (DANG) of less than 10°. In the NRM—pTRM plots
(i.e., Arai plots), the best-fit line through the chosen data
points must have low scatter around the mean [46], (B=0/
|b|<0.1). We sum all the differences between the pTRM
checks and the corresponding original pTRM and
normalized it by the pTRM gained in the temperature
range used for the paleofield determination. This
difference ratio sum (DRATs) must be less than or equal
to 25% in order to avoid the use of specimens that
developed chemical alteration during the experiment. The
fraction of remanent magnetization (f,qs, vector differ-
ence sum) was always greater than 50%.

We use a new parameter to quantify the degree of
“zig-zagging” observed in the IZZI experiment. Here we
assess the zig-zagging nature of the specimens by
evaluating the slopes of the ZI and IZ data points
separately. The results of a given specimen are thought
to be of a good quality if these slopes are statistically
distinct at the 95% confidence level (using the test for
common mean of [47]) (Fig. 5). This evaluation of the
zig-zagging nature does not require a threshold limit, but
produces an independent fail/pass criteria.

We have used pTRM tail checks [48] in the lower
temperature range (<300 °C) where it had to be less than
5% and the zig-zagging parameter above this temper-
ature range. In cases where it was needed, the
paleointensities were corrected for the anisotropy of
remanence as follows [36]:

Bcorrected = R/Banc (1)
where R is:
‘.
R— V4 ,aﬂc| (2)
% Hiab|

and y is the remanence anisotropy tensor, Hyy, is the
ancient field direction determined from the ChRM
direction and the anisotropy tensor, and Hip is the lab
field direction applied along the sample Z coordinate axis.
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Chapter 2

The implications of long-lived
asymmetry of remanent
magnetization across the North

Pacific fracture zones

Abstract. Large marine magnetic anomalies accompany the Pacific frac-
ture zones (FZs) for thousands of kilometers. Although the origin of these anoma-
lies is poorly understood, their underlying magnetization contrasts should reflect
the temporal record of crustal accretion as well as geomagnetic field variations.
Here we present an analysis of archival and newly collected magnetic anomaly
profiles measured across three FZs from the North Pacific Cretaceous Quiet Zone
(120.6 to 83 Ma) that are characterized by a remarkably uniform shape. Forward
and inverse modeling indicates that these anomalies arise from remanent magneti-
zation, with enhanced remanence located on one side of each FZ along the entire
studied area. A comparison between geochemical and magnetic data from active
ridge discontinuities and transform faults suggests that elevated iron content near
segment ends is likely responsible for the observed anomalies in the Cretaceous
Quiet Zone as well. A more complex magnetization setting is observed where the

FZs contain multiple faults. There, the simple model of one-sided enhancements
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is only partly valid. Comparison between 3D forward modeling of the Quiet Zone
magnetization and the calculated magnetization contrasts found across the Pio-
neer and Pau FZs suggests that the intensity of the geomagnetic field during the
Cretaceous superchron had less than 50 percent variability about its average value.
No major trends in the strength of the geomagnetic field during the superchron are
observed. The presence of long-duration (> 30 m.y.) zones of enhanced magnetiza-
tion along the young/old sides of the Pioneer /Pau FZs (both left-stepping) requires
some long-lived asymmetry in crustal construction processes near ridge-transform
intersections. Although the underlying mechanism that controls this long-lived
asymmetry remains unclear, absolute plate motions might explain this asymme-
try. Shorter period (few m.y.) variations in the amplitudes of the enhancements

probably result from oscillations in crustal construction.

2.1 Introduction

Marine magnetic anomalies, typically measured along the direction of seafloor
spreading, are used to study the geomagnetic reversal sequence as well as the
kinematics of lithospheric plates (using polarity and skewness). The integrated
magnetization of the oceanic crust also reflects its tectono-magmatic evolution
(i.e., geochemistry and magnetic source layer geometry) and fluctuations in ge-
omagnetic field behavior (Gee and Kent, 2007). For example, higher amplitude
magnetic anomalies are associated with iron-rich lavas, particularly near ridge crest
discontinuities (Sempere, 1991; Carbotte and Macdonald, 1992), and variations in
the source layer thickness also appear correlated with anomaly amplitude (e.g.,
Bazin et al., 2001). Coherence between multiple profiles and similarity globally
(e.g., Cande and Kent, 1992; Bowers et al., 2001) suggest that many short wave-
length magnetic anomalies ("tiny wiggles” within constant polarity intervals) are
related to variations in geomagnetic field intensity.

Magnetic anomalies observed across fracture zones (FZs), where crust of
different age that formed at two adjoining spreading segments is juxtaposed, can

provide insights into aspects of crustal construction and, potentially, geomagnetic
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field behavior. Indeed, studies from the fast spreading East Pacific Rise (Car-
botte and Macdonald, 1992) and from the intermediate spreading Juan de Fuca-
Gorda ridge area (Detrick and Lynn, 1975; Vogt and Byerly, 1976) revealed high-
amplitude magnetic anomalies that parallel the transform faults and FZs. These
higher amplitude anomalies have been attributed to enhanced low-pressure frac-
tionation leading to iron enrichment at colder segment ends. Transform faults may
also be characterized by variations in crustal thickness (Barth, 1994; Gregg et al.,
2007) and secondary volcanism (Menard and Atwater, 1969) or alteration (Hosford
et al., 2003) that may modulate magnetic anomaly amplitudes. For example, a
pattern of more positive magnetization at the ends of slow-spreading segments,
regardless of the polarity, has been interpreted as reflecting a significant contri-
bution from induced magnetization, presumably as a result of serpentinization of
mantle peridotite (Twigt et al., 1983; Collete et al., 1984; Tivey and Tucholke,
1998; Hosford et al., 2003).

In this paper, we focus on anomalies over FZs in the North Pacific that
separate fast to intermediate-spread crust located in the Cretaceous Quiet Zone
(the term Quiet Zone will be used here when discussing oceanic crust formed in
the period between chrons M0 and C34, 120.6 to 83 million years ago, respectively;
Cande and Kent (1995); He et al. (2008)). The North Pacific provides an ideal
location to study the origin of FZ anomalies owing to the simple polarity setting,
reducing the number of edge-effects, and the good magnetic coverage available. In
addition, time-dependent magnetization changes that might affect young crust near
active transforms (e.g., from ongoing alteration) should be minimal in Cretaceous
crust.

Archival and newly collected magnetic and bathymetry data from the Pau,
Pioneer and Murray FZs (Figure 2.1), show a remarkably uniform magnetic sig-
nature for nearly 2,000 km (Figure 2.2). We examine the origin of magnetization
along the FZs using forward and inverse models and show that the magnetic con-
trast typically originates from a one-sided enhancement of remanent magnetization.
We suggest that this remanent enhancement is likely controlled by the degree of

fractionation and iron content in the crust. We next show the limitations of our
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model in regions where complex crustal accretion processes took place. The Pau
and Pioneer FZs provide two very long records of magnetization contrasts. These
magnetization variations could also preserve information about the geomagnetic
field (e.g., the degree of field variability, long-term trends in the strength of the
dipole) during the unique 37 m.y. Cretaceous normal superchron (CNS, the time-
equivalent of the Quiet Zone). We discuss possible scenarios and inferences on the
long-term geomagnetic field behavior using a set of 3D forward models. Finally, we
conclude with new insights and future approaches in the study of crustal accretion

near ridge-transform intersections (RTIs).

180° 190° 200° 210°

Figure 2.1: North Pacific tectonic map. Thick gray lines delineate anomalies
MO and 34 that mark the old and young edges of the Cretaceous Quiet Zone,
respectively. The studied FZs are highlighted with black boxes. Thin black line
outlines cruise track MGLN44MV. Thin gray lines define the interpolated ages as
described in the text.
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2.2 Tectonic setting

We compiled topographic and sea-surface total-field magnetic profiles col-
lected within the Quiet Zone crust in the North Pacific, a region formed by rel-
atively smooth spreading along the Pacific-Farallon spreading system (Atwater
et al., 1993). At the end of the Cretaceous Superchron the Pacific-Farallon Ridge
in this region was dominated by the right-stepping Murray FZ which offset the
ridge axis about 400 km, and the left-stepping Pioneer, Pau and Mendocino FZs
which collectively offset the ridge axis roughly 1000 km (Figure 2.1). The Murray
FZ is topographically complex and is composed of many small-offset strands that
vary in width over short distances. The Mendocino FZ in this region is also very
complex, having an enormous left-stepping offset which responded to the major
counter-clockwise change in plate motion around chron C33R by developing nu-
merous high relief, short-offset ridge segments between 195°E and 210°E (Atwater
et al., 1993). The Pioneer FZ has the most straightforward topographic signature;
the fracture zone is generally characterized by a simple topographic step up from
the older, southern side to the younger, northern side. This step is largest, roughly
500 to 700 m, in the eastern, younger end of the Quiet Zone and gradually dimin-
ishes to about 300 to 500 m, towards the western (older) end of the Quiet Zone
(see Figures. 2.2e and 2.3b). Although in places the topography of the Pau FZ is
characterized by a small escarpment separating the older southern side from the
younger northern side, as along most of the Pioneer FZ, in the section south of
the region where the Mendocino FZ developed multiple splays at chron C33R, the
Pau is often characterized by a narrow ridge that can probably be attributed to
extensional stresses during the ridge re-orientation (Hall and Gurnis, 2005). Cool-
ing and subsequent subsidence of the Pacific crust has created a long wavelength
(~40 km) flexural bending that overprints the initial topography of the fracture
zones (Sandwell, 1984). Overall, the topography and gravity signatures of the
studied FZs reflect the cumulative effects of both the spreading-related processes
(e.g., by modulating the thickness of the crust) and post-spreading lithospheric
processes (e.g., changes in topography related to the changes in plate motion and

local mantle convections, Hall and Gurnis (2005)).
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Because of the sparsity of east-west oriented magnetic lines north of the Pau
FZ, the exact location of anomalies 34 and 330 between the Pau and Mendocino
FZs is unknown. However, the swathmap bathymetry at 205°E shows that the
orientation of abyssal hills north of the Pau FZ (Figure 2.4c) have the post C33R
azimuth which constrains C33R crust to lie to the west. In addition, the large
amplitude of the magnetic anomaly over the Pau FZ between 202°E and 204°E
suggests that anomaly 34 is located near 202°E as we will discuss later in the text.

Spreading rates and ridge geometry are only constrained outside of the
Quiet Zone edges (Figure 2.1). In the studied area, half spreading rates just prior
to and just after the Quiet Zone were 50 mm/yr and 33 mm/yr, respectively. The
anomaly pattern requires a ridge jump that may have taken place early in the
superchron (Rea and Dixon, 1983; Atwater et al., 1993), in crust older than the
crust studied here (Figure 2.1). To estimate seafloor ages within the Quiet Zone we
use the half spreading rate between anomalies 34 and 330 (33 mm/yr), the width
of Quiet Zone crust as measured along the Pioneer FZ (2420 km), a ridge jump
(700 km) assumed to have occurred older than the oldest profile data considered
here, and assume a constant deceleration to interpolate