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Abstract

In this paper we constrain the electrical conductivity
of the lower mantle is by using geomagnetic jerks that
are abrupt changes in the secular variation generated
in the core. By appling Backus’ (1983) mantle filter
theory it is possible to show that a simple 1D mantle
conductivity model is able to generate differential
delays. However, Backus’s (1983) theory considers a
low frequency approximation of the transfer function
that presents some limitations. We also calculate of
the Impulse Response Function (IRF) by a modified
version of Velmsky and Martinec’s (2005) code, using
a direct time-integration of the EM induction equation.
The inverse problem was solved, by exhaustive search.
The misfit values for all simulations, favour a low
conductivity of the lower mantle of about 1 S/m.

Introduction

The mantle electrical conductivity can be analysed by
experimental and theoretical mineral physics, induction
studies that use variations of the external magnetic field,
also using time variations of the core magnetic field.
Most results agree on 1D models of the mantle electrical
conductivity, from about 300 to 1000 km depth, but below
that the electrical conductivity is mostly unknown, besides
the recent efforts of mineral physics experiments. We use
time variations of the core magnetic field in the attempt
to obtain constraints on the mantle electrical conductivity.
Geomagnetic jerks are abrupt changes in the secular
variation generated in the core, represented by an impulse
in the n’” time derivative of the magnetic field (Figure 1).

In this paper, we assume that the secular variation around
the time of geomagnetic jerks can be modelled by a set of
straight line segments and that the point where the lines
intersect defines the occurrence time of the geomagnetic
jerk. The difference between the slope of consecutive
straight lines defines the jerk amplitude at each location;
these are used to build spherical harmonic models of each
jerk in each field component.

Global jerks occurred at different epochs: 1969, 1978,
1991, while some localised events happened in 1913, 1925
and 2003 (Alexandrescu et al. (1996), Michelis & Tozzi
(2005), Mandea et al. (2000), Nagao et al. (2002),
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Figure 1: Simple schematic of secular variation for a
hypothetical component of the magnetic field that are
used as input in the forward and inverse problems. The
first graph (A) shows the typical V-shape of jerks in the
secular variation and B and C show sketched the secular
acceleration and the third differences, respectively. In this
case, we would have an impulse in the third differences at
the time when the jerk occurred.

Olsen & Mandea (2007)). Each of the worldwide jerks
presents a different geographical pattern of early and late
jerks arrivals, with differential time delays of the order of 2
years. For instance, the 1969 and 1978 jerks were detected
roughtly first in Northern hemisphere and later in Southern
observatories. Pinheiro & Jackson (2008) applied Backus’
(1983) mantle filter theory and concluded that a simple 1D
mantle conducting model is able to generate differential
jerk time delays at the Earth’s surface and even different
patterns for different jerk events. We also showed that the
delay patterns depend strongly on the mantle electrically
conducting model considered and on the jerk morphology
at the CMB.

On the Limitations of Backus Filter Theory

Backus (1983) developed a theory that considers the
mantle as a linear, causal and time invariant filter. In what
follows we adopt the separation by spherical harmonic
degree ¢, any output at the Earth’s surface (r = a, p}'(a,t))
can be calculated by the convolution between the input at
the CMB (r = ¢, (p}'(c,t))) and the electromagnetic (Fy(r))
and geometrical (¢;) filters:

pplat) = GpF(t)*py'(c,1)

- %/ Fy(t —1)pl(c,t')dr'. (1)
The input jerk is assumed as a simultaneous second order
impulse at the CMB (Figure 1), represented by 65 (c,7) =

6(t), where §(r) is a Dirac delta. The output can be written
as

opy(a,r) = %/Lﬂ;(tft’)é(/)dz’
GiFy(1), 2)
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where Fy(t) is called the Impulse Response Function
(IRF) that characterizes the mantle filter depending on its
electrical conductivity.

The Fourier transform of the IRF,
)= [ F@ea, (3)

is called the Transfer Function (TF) and for zero frequency
w=0,

Fy(0) = /;Fz(t)dh (4)

which is the area under the IRF curve for each harmonic
degree ¢. We use the same convention as Backus (1983)
in which [%_ Fy(r)dr = 1.

Backus (1983) assumes a low frequency approximation,
where higher powers than frequency w? are neglected
in the series expansion of the Transfer Function. This
assumption simplifies Backus’ (1983) mantle filter theory,
since the IRF can be represented by a Gaussian, and it
leads to a linear relationship between the mantle electrical
conductivity and the time an impulse takes to pass through
the conducting mantle.

In order to demonstrate this low frequecy approximation,
we start from Backus’(1983) equation 2.2:

1
!
0!

s

F(w)=F(0) (107T,)", (5)

n

where 7" are called the n* ordinary moments, given by
= — B F(0)t"dr.
0 /_ R )

and (B,)" the n” central moments:

1

B = 77 | P m)ar ™)

Since the TF can be expressed by the Fourier transform of
the IRF (shown in equation 3), we have:

/ F(t)e'®dt
00 b 1
/ Z — (1e0t)"dt
n=0 }’l
/ F(t dz+za)/ F(f)tdt
- %/ F(1)i*dt — / F(1)rdt+ ..

= F(0)+F ()t — F(0)71§ F(O)%@—}—(SJ

Q

F(o)

and if we truncate this expansion at ?, the TF is rewritten

by
2

F(w) =F(0) {1 107 — “’7122} . )

A simple expansion of equation 7 shows that the central
moments can be expressed in terms of ordinary moments;
we find

B =11 (10)

and substituting 73 from equation 10, in equation 9, we
have

Q

Fl@) ~ F(0) [1 ion -2 (34 ﬁzzﬂ

/52
~  F(0)e?n— 79, (11)

In order to calculate the IRF, we take the inverse Fourier
transform of equation 11:

1 [~ .
F — . F —10t
1) - /% (@) da
_ Fz(g) /mew(fl )— dw
- (-2
_ F(0) 277; e éﬁg-
B;
~ 2
F(0) -7
_ 2 12
e (12)

where ﬁ(%)) has the form of a Gaussian with mean t;, given
by the first ordinary moment (n = 1 in equation 6)

o= %/:’F(t)tdt (13)

and called the delay time, which is the time an impulse at
the CMB takes to pass through the conducting mantle. In
equation 12, ﬁ% is the variance, called the smoothing time
and given by the second central moment (n = 2 in equation
7)

1

B =55 [ Fwe—nyar (14)

If one aims to calculate the delay and smoothing time
constants for each harmonic degree, equations 13 and 14
become:

0 = ﬁi@(z)xd;. (15)

and

- [ R0e-n©Pa (1

since F;(0) = 1 (equation 4). In order to illustrate the effect
of the electrical conducting mantle, we used two radial
conductivity models, given by:
2742
o(r)=o0. (£> , (17)
r
where o, is the electrical conductivity at the CMB, vy a
positive constant and r = ¢ is the core radius. Using
equation 17 we calculate the IRFs and TFs.

The delay and smoothing time constants were evaluated,
by equations 13 - 16, for two radial models. These
examples, illustrated in Figure 2, show that higher
conductivity models and lower spherical harmonic degrees
generate more delayed and usually more smoothed
outputs. It is possible to compare, in Figure 2, the
delay time of the different models and spherical harmonic
degrees: for the most conducting model 7; (1) =2.57 yr and
for ¢ =5 the delay time is smaller (7;(5) = 1.99 yr), while for
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Figure 2: Impulse Response Functions (A, B) and Transfer
Functions (C, D) for the two radial electrical conductivity
models, shown in equation 17. Plots A and C correspond
to the higher conducting model (o, = 3000 and y = 11) while
plots B and D correspond to the weaker conducting model
(0. =100 and y = 8).

the less conducting model 7;(1) =0.15 yr and 7;(5) =0.11
yr.

We note that every spherical harmonic component of the
poloidal scalar travels independently through the mantle.
We introduce our simple model for the jerk at the CMB,

namely
Spy(c,t) :%*1517"}1(61)60). (18)

and at the Earth’s surface the output is
Spy(a,t) = 8 (a)Fy(t). (19)

The matching conditions between an insulator and a
conductor give two representations at the Earth’s surface:

B=-VV (20)
with
L
= Z Z By (21)
{=1m=0
and for the conductor
B=VxVxZr, (22)

where the relationship between the two is

Br=—Lt (23)

We now illustrate Backus’ phenomenon of mode
mixing in different locations correspondent to magnetic
observatories, and in different components (X, Y and
Z). Backus (1983) expresses the magnetic components
in terms of the poloidal scalar by a spherical harmonic
expansion:

= O ayée¢

X(r,0,0,1) = ZZ

=lm=—/

——=—=B}'(,0,9), (24)

.0Y"(6,9)

o {
Y(r,6,9,1) = Z Z 29 Bi'(r,6,9), (25)

and

Z(r,0,0,1) Z Z (C+1)Y/"(0,9)B)'(r,0,9), (26)

l=1m=—{

where Y;"(6,¢) are the spherical harmonics. Alternatively
to equation 18 one can imagine that the impulse is in the
radial component, given by

o
Br(c,0,0,t) = Z Z (E+1)8P](c)8(t)Y]"(6,9).

o (27)
If the input in the poloidal field is a second order impulse
and a given jerk morphology is considered at a given

location (6y is the colatitude and ¢, the longitude) at the
Earth’s surface (r = a), we find for B,

r:\»—‘

L (e
8B, (a.60.00.0) = Y [ —h(r 0. 00)Fl~1)3()ar
(=17

L
= ) (r,60,90)Fi(t)
(=1

= F(r, 6, 9o, 1) (28)

where F(r,0,¢0,¢) is called the Composite Impulse
Response Function (CIRF). We have for B,(a, 6y, ¢o)

(" (a, 60, 90) = —((+1)Y]"B]' (29)

that simply represent the spherical harmonic components
of the amplitude (or morphology) of the jerk at the Earth’s
surface, as shown in Figure 3 for the Y component of the
1969 jerk.

—
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Figure 3: Spherical harmonic models of the 1969 jerk
amplitudes calculated in this work (A) with truncation
degree L =5 and by Le Huy et al. (1998) (B) with truncation
degree L =4.

If one wants to calculate the delay time in different locations
at the surface, one may use equation 13 but for the CIRF
instead of the IRF:

1 L 14 o
71 (r,60,00) = F(O)[; Z_‘,O%m(r7907¢o)LmQ(t)tdt
1 'L 14 -
= F(O)[:Zlmgo% (7,60, %0) ¢ (30)
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Since F(0) is now the area under the CIRF curve, we can
state that:

(0)

/ F(r,80,0,1)dt

L

Il
M?\

’Q{é‘m(n 907 (PO) /j;Fé’(t)dl

&~
T
1

(=]

;" (r,00,00) = < (r,00,00), (31)

Il
\Ml“
M\

&~
T
1

o

which is called the total amplitude of each geomagnetic
jerk. If we let:

7,60, ¢0)

00, 3 32
(1,60, 90) n;o”rem%) (32)
then equation 30 becomes
L
71(r,6,0) = Y au(r,60,0) 71 (£). (33)
=1

If we use the same radial mantle conductivity model given
in equation 17, but changing the parameters to o, = 1000
S/m and y = 3, and taking the 1978 jerk spherical harmonic
model of Le Huy et al. (1998), it is possible to calculate
the CIRF and the delay time (7;(a,8,¢0)) at a specific
location. For example, by convolving the CIRF at the
location corresponding to Hermanus observatory, with an
assumed impulsive jerk happening at time r = 1969 at the
CMB, the output jerk that happens at around 1974, will
result in a delayed and smoothed version of the original
signal (Figure 4).

L
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Figure 4. Example of the delay and smoothing caused by
a 1D mantle conductivity given by equation 17, with o, =
1000 S/m and y = 3 for the 1978 jerk spherical harmonic
model given by Le Hut et al. (1998). The black line would
be the jerk for an insulating mantle and the red line for a
conducting mantle.

However, it is not possible to measure the delay time in
the secular variation data because we do not know when
the jerk was generated at the CMB. But one can measure
what we call differential delays in which we choose a
reference location and subtract all the other jerk occurrence
times from the reference. Consequently, o, in equation 32
becomes

zé,’ (,ssz’”(r, 90,(])0) _ %m(’? 9ref7¢r€f))

Aoy (r, 60, 00) =
0(r,60,90) =\ A (r00,00) A (1 6ner, Orep)

(34)

and the differential delay times are calculated by:

L
At (r,60,0) =Y Aay(r, 60, ¢0)Ti (£). (35)

Methodology: Inverse Problem

The forward problem can be summarized as: the output
(jerk at the surface, &j}'(a,r)) is evaluated by the
convolution between the input that simulates an impulsive
jerk generated simultaneously (at ¢ = 0) at the CMB and the
Composite Impulse Response Function (CIRF, equation
28) for each jerk and location.

We followed seven main steps to solve the inverse problem:

1. Calculation of the Impulse Response Function (IRF)
is performed by a modified version of Velmsky and
Martinec’s [2005] code.  The method is based on
direct time-integration of the EM induction equation, and
uses spatial discretization by spherical harmonics and
piecewise-linear finite elements in the lateral and radial
direction, respectively. The electrical conductivity is given
as a piecewise constant function over layers of arbitrary
thickness. Lateral variations of conductivity are neglected
in this case. The boundary condition at the CMB
requires prescription of the time series spherical harmonic
coefficients of the vertical field. When these time series
take the form of a delta function, which is numerically
approximated by a narrow, zero centred and triangular
function normalized to unit integral, the predicted vertical
field at the Earth’s surface corresponds to the product of
the IRF and the geometrical attenuation ¥

2.  Evaluation of the Composite Impulse Response
Function (CIRFs, see Pinheiro & Jackson (2008) and
equation 28) by using the spherical harmonic models of
jerk amplitude.

3. Convolution of those CIRFs with the input jerk (Figure 1),
simulated as a second order impulse in the poloidal field,
simultaneous at the CMB and with unit amplitude;

4. Annual mean evaluation of the output jerk: since we aim
to treat the model in the same way as the data;

5. Fitting of two straight-line segments to the output
annual means by the least-squares method: the intersect
is defined as the delay time (1) and the error bars in 7; are
evaluated;

6. Calculation of jerk differential delay times for all
locations corresponding to the analysed observatories.
The differential delay times (At;) are calculated in relation
to the mean delay value (t,): negative values are
considered as early jerks and positive as late jerks.

7. We compare the differential delays of data with model
predictions, by calculating the misfit value that is the
measure of how well the differential delays of the model
fit the data differential delays:

N . 2
E— J l Z (Afobsi Afmod,-) (36)

where N is the number of observatories, At,, are the
observed differential delays, At,,, the model differential
delays and B, the data error bars in At,,.
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Table 1: Delay times and amplitudes of two examples
simulating different locations by considering harmonic
degree truncation L = 3. For this simulation, we considered:
71(1) = 3years, 71 (2) = 2years and 1,(3) = lyear

Location 1

(a,0,9) T oy(a,61,91)
JZ{](&el,(Pl) 4 (Xl(a, 91,(1)1) 0.1538
h(a,01,¢1) 6 a(a,6,¢;) 0.2308
#(a,01,¢1) 16 as(a,0,,¢;) 0.6154
M(aa917¢l) 26

Location 2

%(9707(15) nT/yr2 a[(a762>¢2)
M(a,62,¢2) 4 [04] (a, 92,¢2) -0.6666
b (a,00,¢2) 6 (a,02,¢2) -1.0000
3(a,602,¢2) -16 3(a,6,,¢2) 2.6666
o (a,0,,¢) -6

In order to have a basis for comparison between different
values of misfit, we define the reference misfit as:

Eref =

that is the misfit for an insulating mantle model, where the
differential delays are equal to zero (A7, = 0). For the
observatories used in the data analysis of the 1969 jerk, the
reference misfit is E,.; = 1.542 considering our spherical
harmonic model and E,.;r = 1.456 using the model of Le
Huy et al. (1998).

Results 1: Application of Backus mantle filter theory

We present one simple example simulating two locations
with different jerk amplitudes, for some chosen delay times
of each harmonic degree (Table 1). The only difference
between the two examples is the amplitude of ¢ =3 and
therefore, the a, will also change.

The IRF of each harmonic degree is represented by a
PDF with mean 7, and each of these curves multiplied
by the amplitudes results on the CIRF, while the sum
of CIRF, over ¢ generates the total CIRF. The PDF is a
good representation in location 1 where 7y (a, 81, ¢;) = 1.54
years and Bg(a,el,m) = 1.56 years, while in example 2 it
is impossible to represent this ficticious oscillatory CIRF by
a PDF since 7y(a,6;,¢1) = —1.33 years and 7 (a,6;,¢;) =
—8.11 years.

In order to give a more realistic example of amplitudes we
consider the 1991 jerk morphology of the East component,
given by Le Huy et al. (1998) and the mantle radial
conducting model in equation 17. The CIRFs and
their approximation by PDFs (Figure 5), at locations
correspondent to 10 magnetic observatories are presented
as example. In some locations, as the one of Observatories
4, the delay and smoothing constants are negative and
can not be represented by PDFs. If a CIRF is slightly
negative for bigger time (¢), negative delay and smoothing
times might occurr because their integrants will enhance
the negative part.

In summary, there are specific situations where Backus
theory may not be applied: when the CIRF can not be

Observatory 1 delay=17.3501 smooth=-45.529 Observatory 2 delay=7.5713 smooth=19.4863

CIRF (1)
Y

CIRF ()
3

's g g g W
Observatory3  delay=4.0663 smooth=-1.8812 Observatory 4 delay=-0.29664 smooth=-65.037

Observalory 5 delay=7.7696  smooth=24.6055 Observatory 6 delay=6.7475 smooth=18.1245

................. & s AN
z e c >

imetr” W 's 0 imet”

Figure 5: Composite IRF (solid line) calculated by the
1978 spherical harmonic model of Le Huy et al. (1998)
and by considering an arbitrary model of radial electrical
conductivity (equation 17). The dashed line represents
the PDF approximation by using Backus’ (1983) mantle
filter theory for 10 locations correspondent to magnetic
observatories.

approximated as PDFs and and consequently the linear
relation between the electrical mantle conductivity and the
delay times are not valid. That is the reason why we
followed another approach in the inverse problem.

Results 2: The Inverse Problem

We calculated the misfit values for the one, two and three-
layer models, where for all of them we adopt the 1-D
electrical conductivity model of Kuvshinov & Olsen (2006)
for the first 700 km. We evaluated the IRFs for a one-layer
model varying the electrical conductivity from 1000 S/m to
0.4 S/m for two jerk spherical harmonic models of the 1969
jerk amplitude (Figure 3). In both models, the misfit values
increase rapidly with conductivities larger than 20 S/m and
below that it oscillates in a range smaller than 0.1 of the
misfit value (about 1.45 for Le Huy et al’s (1998) model
and about 1.55 by using our model).

There are only two acceptable conductivity models that are
in common when using the two spherical harmonic models:
o =3 S/mand o =5 S/m. By using the model from Le Huy
et al. (1998) two more models are also smaller than the
reference: o =1 S/m and o = 10 S/m. Consequently, the
range of acceptable models in this analysis vary from 1 S/m
<o<10S/m.

In the first two-layer model we divided the lower mantle
into two thick layers of 1250 km (bottom) and 950 km (top)
in the low conducting range of 0.457 S/m to 12.346 S/m.
The misfit values are shown in Figure 7, considering the
two models of jerk amplitudes (see Figure 3). Both results
show low misfit values in the range of 3 S/m for the top and
bottom of the lower mantle. They also present a minima
in the left top corner, which correspond to low values of
conductivity in the top lower mantle (up to 1 S/m) and
high values in the bottom mantle (about 12 S/m that is the
maximum conductivity in this simulation). We increase the
electrical conductivity values in the second simulation of a
two-layer model, but considering a thin mantle layer in the
bottom (300 km) that simulates the D”. We want to answer
the question whether it is possible to have sensitivity to
variations of electrical conductivity in such a thin layer in
the bottom of the mantle.
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Figure 6: Misfit
between the differential
delays of the data and

aof ' model for the one-
e layer mantle electrical
o PN ANMT / conductivity model. We

N consider the spherical
B s A AN I, harmonic model of the
Tl 1969 jerk calculated in
this work (red symbols)
and that taken from Le
Huy et al. (1998) (blue
symbols). The plot in
the top left is a zoom of
the yellow area in the
bigger plot.
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Figure 7: Misfit between the differential delays of the data
and model considering the 1969 jerk spherical harmonic
models from Le Huy et al. (1998) for the two-layer model
with the mantle divided into two layers of 1250 km and 950
km.
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Figure 8: Misfit for the two-layer model considering the
1969 jerk spherical harmonic model calculated in this work
(A) and taken from Le Huy et al. (1998) (B), for a higher D”
electrical conductivity and finer variations.

This result, showed in Figure 8, also suggests a low
electrical conductivity for the lower mantle of about 1 S/m
and a broad range of acceptable conductivities for the
D”. Considering this misfit calculation, it seems the data
is sensitive to variation in the thick lower mantle, but not
sensitive to variations of the D” electrical conductivity.

Conclusion

We analysed the limitations to apply Backus’ (1983) mantle
filter theory to constrain mantle electrical conductivity. The
low frequency approximation results in the representation
of the Composite IRF by a PDF, being the delay time the
mean and the smoothing time, the variance. The first
limitation is when the smoothing time is negative, and it can
happen due to mixing of harmonics or when the delay time
of each harmonic degree differs significantly. The second
limitation is when one considers a high mantle electrical
conductivity model and PDFs do not represent accurately
the CIRFs.

The second approach to the mantle conductivity
modelling was to calculate the inverse problems using
the observation of geomagnetic jerks at magnetic
observatories. We calculated misfit values between the
differential delays measured in the data and calculated in
the models of one to three layers. All simulations favour
a low conductivity of the lower mantle of about 1 S/m
allowing a broad range of conductivities for the D”. We
believe that there is not much sensitivity of our data to
detect changes in the D” electrical conductivity.
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