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LCS-1Development: Key points
¤ Anomalies based only on 

CHAMP N-S and Swarm N-S 
and E-W gradients (6.2 
million vector and scalar 
gradients)
¤ Advantages

¤ 35000 equivalent sources 
(~1° spacing) at 100 km 
depth

¤ Minimization of misfit to 
gradients and minimization 
of |Br|at the earth’s 
surface

¤ LCS-1 Spherical harmonic 
degrees 16-185
¤ MF7 was degree 16-133
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Improvement from Swarm gradients
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LCS-1 Validation - Visual

¤ Comparison with Australian aeromagnetic data

14 OLSEN ET AL.

LCS-1 airborne MF7
225 km LP filtered

nT

Figure 8. Comparison of intensity magnetic anomalies from LCS-1 and MF7 models with the lowpass filtered Australian data set. In places the LCS-1 model
has spatial resolution approaching 225 km.
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Figure 9. Solid lines: Spectral comparison (coherency) between the Australian full spectrum data in the central third of Australia and LCS-1, MF7, and
EMM2015 models. The region of comparison is limited by the maximum Cartesian dimension of a study region and hence is limited to 1500 km. All data
were projected to Lambert Conical projection and gridded in Cartesian coordinates using identical projection and gridding parameters. Dashed lines: A similar
spectral comparison of the models with NURE-NAMAM2008 database in the central U.S. Bottom axis shows horizontal wavelength; top axis shows the
equivalent spherical harmonic degree.
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LCS-1 Validation - Coherency
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Figure 8. Comparison of intensity magnetic anomalies from LCS-1 and MF7 models with the lowpass filtered Australian data set. In places the LCS-1 model
has spatial resolution approaching 225 km.
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EMM2015 models. The region of comparison is limited by the maximum Cartesian dimension of a study region and hence is limited to 1500 km. All data
were projected to Lambert Conical projection and gridded in Cartesian coordinates using identical projection and gridding parameters. Dashed lines: A similar
spectral comparison of the models with NURE-NAMAM2008 database in the central U.S. Bottom axis shows horizontal wavelength; top axis shows the
equivalent spherical harmonic degree.
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Figure 20. The fi nal phase of eastern rifting detached the Argentine Precordillera microcontinent from the Ouachita (Texas) embayment 
region of southern United States (ca. 0.535 Ga). The Precordillera terrane is currently located in western Argentina. Associated failed rift 
arms include the Reelfoot rift and Oklahoma aulacogen (light purple). Bold red lines show rift boundaries.

Interpretation – Paleoproterozoic and 
Mesoproterozoic provinces in the central U.S.

¤ Laurentian Tectonic Assembly of North America

Archean and Proterozoic Provinces 
in North America Depth-Integrated Susceptibility Variation

LCS-1

(Whitmeyer and Karlstrom, 2007)



From Van Schmus et al. (1996), Fisher et al. (2010)

Van Schmus et al. (1996)
Bickford et al. (2015)



Subdivisions of Southern Granite-Rhyolite Province based 
on additional Nd model age data

Rohs (2001) Univ. of Kansas, Ph.D. Thesis
Rohs and Van Schmus (2007)



Magnetization Resolution Improvement from 
Magsat, MF3, MF5, MF6, MF7 to LCS-1

MF3 MF7



U.S. Magnetization Variation Features Resolution 
Improvement from MF3, MF5, MF6, MF7 to LCS-1

LCS-1

MF7
Ave. shortest l ~ 300 km 

Ave. shortest l ~ 250 km 



U.S. Aeromagnetic Features and LCS-1 
Magnetization Variation

LCS-1

300 km Low Pass
Full Spectrum US Magnetic 
Anomaly Map
(NURE_NAMAM2008, 
Ravat et al., 2009)



Seismic crustal Vp

Seismic uppermost mantle dVp/Vp Isostatic residual gravity anomaly 
from intracrustal density variations

	

Crustal thickness Crustal Vp/Vs

northeastern U.S. [Eaton and Frederiksen, 2007; Villemaire et al., 2012]. Both the central and northern
Appalachian anomalies widen at depths of 125–200 km, and it is unknown whether these features extend
offshore beneath the Atlantic Ocean. The amplitude of both anomalies is strongly diminished at depths
greater than ~300 km.

Large high-velocity anomalies are imaged at approximately mantle transition zone depths, 410–660 km, and
in the lower mantle beneath the central and eastern U.S. Two distinct high-velocity fragments are shown in a
horizontal slice through the middle of the transition zone (Figure 3a). A recent study by Porritt et al. [2014]
also shows these prominent high-velocity features at depths of ~300–700 km. Near the top of the lower
mantle, ~700–1200 km depth, high-velocity anomalies are imaged beneath the western Great Plains and
eastern Cordillera (!110° to !100° longitude) and beneath the eastern U.S. (!94° to !78° Longitude). In
some locations the high-velocity anomaly beneath the eastern margin is overlain by low-velocity mantle
similar to earlier tomography models (Figure 3) [van der Lee et al., 2008; Sigloch, 2011]. The low-velocity
anomalies we image just above the high-velocity anomaly in the lower mantle are generally more segmented
compared to prior images.

4. Discussion
4.1. Structural Legacy of Passive Margin Volcanism

At depths of ~60–100 km the central Appalachian low-velocity anomaly coincides with an Eocene (~47Ma)
swarm of basaltic volcanism [Mazza et al., 2014]. This magmatic event was recently hypothesized to be a
consequence of postorogenic delamination that occurred approximately 150 Ma after the opening of the
Atlantic [Mazza et al., 2014]. Eocene delamination could have left a scar in the thermal lithosphere allowing
asthenosphere to locally ascend to shallower depths and create the lateral velocity variations we imaged. An
alternative hypothesis for low-velocity upper mantle in this region is thermal erosion of the lithosphere by
Cretaceous passage of a hot spot [Chu et al., 2013]. Our images of a localized and approximately circular low-
velocity anomaly at about 75 km depth rather than an elongated swath of low velocities favor the
delamination hypothesis, as does the absence of an extensive seamount chain eastward of the anomaly in

Figure 2. Tomography maps of the shallow upper mantle. (a) P wave tomography at a depth of 75 km. The black
dashed lines indicate Precambrian rift margins adapted from Whitmeyer and Karlstrom [2007], and the white dashed line
denotes the Rocky Mountain front. The locations of the central Appalachian anomaly (CAA) and northern Appalachian
anomaly are labeled in Figure 2d. (b) S wave tomography at 75 km depth. (c) P wave tomography at 200 km depth. (d) S
wave tomography at 200 km depth.
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Interpretation Improvement:  90°E & 85°E Ridges 
in the Indian Ocean

are mainly utilized for identification of magnetic patterns
including fracture zones (FZs) and fossil ridge segments, of
both the Wharton and Central Indian Basins adjacent to the
NER. With the derived tectonic constraints and geochro-
nology data, we propose a model for interactions between
the Wharton spreading center and the Kerguelen hot spot
during the emplacement of the NER. Finally we discuss the
mechanisms of NER accretion and why its length is much

longer compared to that of the adjacent normal oceanic
lithosphere formed during the same time interval.

2. NER Tectonic Setting

[5] Major plate reorganizations of Indian Ocean seafloor
spreading occurred at !90 and !42 Ma, moving the
Kerguelen hot spot alternately beneath the Indian and Ant-
arctic plates, respectively [Liu et al., 1983]. Initially, at
approximately 120 Ma, the hot spot was beneath the
Antarctic plate, leading to the formation of the southern and
central parts of the Kerguelen Plateau and the Broken Ridge
[Coffin et al., 2002]. The first major plate reorganization, at
!90 Ma, placed the hot spot beneath the Indian plate and
resulted in the accretion of the world’s largest linear
aseismic ridge, termed the NER. The second major plate
reorganization, at!42 Ma, relocated the hot spot beneath the
Antarctic plate and resulted in the accretion of the Northern
Kerguelen Plateau, including the Kerguelen Archipelago,
and Heard and McDonald Islands [Coffin et al., 2002] since
that time. It has been thought that during the formation of the
NER, the Kerguelen hot spot was mostly located north of
spreading ridge segments that were part of the western
extremity of the Wharton Ridge, which separated the Indian
and Australian plates and was connected to the India-
Antarctica Ridge through the 86"E transform fault [Krishna
et al., 1995, 1999]. Concurrently with the NER emplace-
ment, the adjacent Wharton and Central Indian Basins were
also formed by the spreading of the Wharton and India-
Antarctica ridges, respectively [Liu et al., 1983; Royer and
Sandwell, 1989; Royer et al., 1991; Krishna et al., 1995,
1999]. After the !42 Ma plate reorganization, the Wharton
spreading ridge effectively disappeared as the Southeast
Indian Ridge formed, and the Indian and Australian plates
merged together to form a single Indo-Australian plate
[Liu et al., 1983; Krishna et al., 1995].
[6] During Neogene time, a large diffuse plate boundary

formed in the central Indian Ocean, breaking the major Indo-
Australian plate into three smaller component plates: Indian,
Australian, and Capricorn plates [Royer and Gordon, 1997;
Gordon et al., 1998]. Almost the entire NER resides within
this zone of complex deformation. Seismic results from
Bengal Fan sediments reveal that the lithosphere within the
boundary to the west of the NER displays reverse faulting
(5–10 km spaced faults) and long-wavelength (100–300 km)
folding [Weissel et al., 1980; Bull, 1990; Chamot-Rooke
et al., 1993; Krishna et al., 1998, 2001b]. Using seismic

Figure 2. Magnetic tracks in the vicinity of the NER. Red
solid lines indicate magnetic profiles acquired from different
data sources (KNOX06RR cruise, National Geophysical
Data Center (NGDC), National Institute of Oceanography
(NIO), and Trans Indian Ocean Geotraverse (TIOG) data-
bases; the key of profile identifiers with specific cruises is
given in Table 1), which are analyzed in the present study.
Detailed geophysical data including multibeam bathymetry,
tenfold multichannel seismic reflection, and magnetic pro-
files were acquired in locations represented by yellow rec-
tangles on top of the Ninetyeast Ridge (NER). Solid
triangles and circles indicate DSDP and ODP drill sites,
respectively.

KRISHNA ET AL.: TECTONICS OF THE NINETYEAST RIDGE B04101B04101
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90°E & 85°E Ridges in the Indian Ocean

LCS-1 ∆Z MF7 ∆Z
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WDMAM2 - Seafloor spreading features 
between Australia-Antarctica



MF7 and LCS-1 (∆F)   Australia-Antarctica

LCS-1 on sealevel ellipsoid

MF7 on sealevel ellipsoid



Filtered WDMAM2 and LCS-1 (∆F) Seafloor 
spreading features between Australia-Antarctica

LCS-1 on sealevel ellipsoid

WDMAM2  λ > 250 km



Bangui Anomaly – Central African Republic 
and surrounding areas

MF7

LCS-1



WDMAM2 with LCS-1

WDMAM2 < 250 km LCS-1 > 250 km



Conclusions
¤ Swarm gradient data contribute toward the improved lithospheric 

field model despite present high altitude

¤ Australian and North American spectral and visual comparisons 
show that shortest λ of 225 - 250 km is possible from satellites

¤ Improvement of λ 250-300 km over MF7 contributes towards details 
of geologic interpretation in North America

¤ 85E ridge in Bay of Bengal observable in the Z-component LCS-1 
anomalies as opposed to MF7 or WDMAM2 (∆F)

¤ Oceanic region between Australia and Antarctica and 
continent/ocean boundaries better resolved in LCS-1 

¤ WDMAM and other regional compilation anomaly map projects 
could improve the long-wavelengths of > 250 km currently and 
suggests significant improvements expected in the future with 
more data and lower observation altitude



Southern Africa

Z component anomalies
at the Earth’s surface

Depth-integrated 
magnetic 

susceptibility 
variation



Differences w.r.t. Aeromagnetic Data

Aeromagnetic – LCS1

Aeromagnetic – MF7

RMS ~ 42 nT

RMS ~ 54.5 nT

DR: I think the larger differences along
the southcentral coast arise from the 
prominent
electromagnetic induction effects in the 
Australian aeromagnetic data 
from the Olympic Dam metallic ore 
deposits


