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Unmixing magnetic remanence curves without a priori knowledge
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S U M M A R Y
Many of the natural materials studied in rock and environmental magnetism contain a mixed
assemblage of mineral grains with a variety of different origins. Mathematical decomposition of
the bulk magnetic mineral assemblage into populations with different properties can therefore
be a source of useful environmental information. Previous investigations have shown that such
unmixing into component parts can provide insights concerning source materials, transport
processes, diagenetic alteration, authigenic mineral growth and a number of other processes.
A new approach will be presented that performs a linear unmixing of remanence data into
coercivity based end-members using only a minimal number of assumptions. A non-negative
matrix factorization (NMF) algorithm for unmixing remanence data into constituent end-
members is described with case studies to demonstrate the utility of the approach. The shape
of the end-members and their abundances obtained by NMF is based solely on the variation in
the measured data set and there is no requirement for mathematical functions or type curves
to represent individual components. Therefore, in contrast to previous approaches that aimed
to unmix curves into components corresponding to individual minerals and domain states,
NMF produces a genetically more meaningful decomposition showing how a data set can
be represented as a linear sum of invariant parts. It has been found that the NMF algorithm
performs well for both absolute and normalized remanence curves, with the capacity to process
thousands of measured data points rapidly.

Key words: magnetic mixtures, non-negative matrix factorization, rock magnetism.

1 I N T RO D U C T I O N

The magnetic properties of any given mineral grain are controlled by
a number of fundamental factors, such as composition, size, shape
and stress (Dunlop & Özdemir 1997). The majority of environ-
mental magnetic investigations are performed on bulk samples and
therefore only measure a response integrated over the entire min-
eral assemblage. Given that many geological materials, for example
marine sediments, contain a complex mixture of magnetic miner-
als with different environmental histories, the bulk response of a
sample may provide ambiguous information. For a more complete
enviromagnetic interpretation it is necessary to attempt to ‘unmix’
the behaviour of a given sample material in order to characterize the
magnetic mineral assemblage. Such unmixing procedures attempt
to decompose the magnetic signal into parts representing specific
provenances that provide information on different environmental
processes.

Coercivity spectra obtained by the stepwise acquisition or de-
magnetization of isothermal remanent magnetization (IRM) and
anhysteretic remanent magnetization (ARM) curves often act as
the basis for unmixing the magnetic mineral assemblages found
in environmental materials. Based upon empirical evidence from
well classified materials, Robertson & France (1994) hypothesized

that bulk IRM acquisition curves could be modelled using a linear
mixture of cumulative log-Gaussian (CLG) functions. The individ-
ual log-Gaussian elements contained in the model were assumed
to represent independent coercivity components with different ori-
gins. A number of modelling procedures following this idea have
been developed (Stockhausen 1998; Kruiver et al. 2001; Heslop
et al. 2002) and the CLG approach has been applied in a wide va-
riety of settings (Eyre 1996; Kruiver & Passier 2001; van Oorschot
et al. 2002; Garming et al. 2005). Later experimental (Egli 2003)
and theoretical (Egli 2004a; Heslop et al. 2004) work demonstrated
that CLG functions were not sufficient to describe all remanence
curves because shape properties, such as skewness and kurtosis were
inherent to some coercivity distributions. The skewed generalized
Gaussian (SGG) distribution introduced by Egli (2003) provided a
more flexible function with which to model the demagnetization
curves of ARMs. Both the skewness and the kurtosis of the SGG
can be controlled, thus making it more suitable to the modelling of
coercivity components that are not log-Gaussian. The applicability
of the SGG function to modelling magnetic components has been
demonstrated for magnetic populations with a number of prove-
nances including aeolian dust (Spassov et al. 2003), urban pollution
(Spassov et al. 2004), lake and marine sediments (Egli 2004b). Ad-
ditional work performed by Egli (2004a) revealed a link between
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the shape parameters of many coercivity distributions, indicating
that kurtosis could be determined as an approximate function of
skewness. Both the CLG and SGG approaches represent parametric
techniques, which can be applied to single coercivity spectra and
each defined component can be described using a relatively small
number of parameters.

An alternative non-parametric approach to the unmixing prob-
lem is based on simultaneously decomposing a collection of rema-
nence curves into components with constant properties, but varying
abundances. Under these conditions such coercivity components
can be thought of as end-members and a low-rank approximation of
the data set is formed. A collection of methods proposed for such
data modelling determine mixing abundances based upon a pri-
ori knowledge regarding the form of the individual end-members
(Thompson 1986; Carter-Stiglitz et al. 2001). Therefore, before the
unmixing can proceed, ‘type curves’ are required to represent the
end-members. Given the large number of factors which can control
the magnetic properties of an assemblage, it is unrealistic to assume
that sufficient type curves could be collated to provide a representa-
tion of every possible end-member found in nature. An alternative
approach is to consider each measured curve in the data set to be a
potential end-member in order to find an optimal model (Shankar
et al. 1994; Peters & Turner 1999). The applicability of such an
approach is, however, limited to cases where the sample collection
contains at least one pure example of each of the end-members in
the mixing system.

The modelling procedure presented in this study uses linear com-
binations of end-members to represent coercivity spectra and thus
does not rely on any specific distribution function. Unlike other end-
member models, however, type curves are not required and there is
no assumption that pure end-member curves must be contained in
the measured data set. Instead, the method determines both the form
of the end-members and their abundances using only the input re-
manence curves. The ideas behind this modelling procedure will
be introduced, followed by two case studies that demonstrate the
applicability of the method.

2 M A G N E T I C A S S E M B L A G E S A S
L I N E A R M I X T U R E S

The unmixing methods discussed in the previous section are all
based on an assumption of linear additivity, however, the question
as to whether such a property holds for magnetic mixtures remains
open. Previous investigations have shown that magnetostatic interac-
tions can produce non-linear effects in enviromagnetic procedures
(Muxworthy et al. 2003, 2004; Carvallo et al. 2006; Muxworthy
et al. 2006), but the extent of their influence in natural samples is
still poorly understood. Magnetostatic interactions were detected by
Heslop et al. (2006) in sediment suspensions with various compo-
sitions and concentrations, however, their effect was found to be
minor. Experimental evidence from Lees (1997) demonstrated the
possibility that modifying the magnitude of magnetostatic interac-
tions in artificial mixtures would result in remanence curves that
could only be explained with a non-linear mixing model. Using a
preparation procedure to minimize grain clumping, Carter-Stiglitz
et al. (2001) found linear additivity appeared to hold in artificial
mixtures of variously sized magnetites.

For most mathematical unmixing procedures, it is assumed that
whilst interactions between grains in the same magnetic compo-
nent will not invalidate the linear model, the existence of mag-
netostatic interactions between the different components can pro-

duce non-linear behaviour. The success of previous unmixing stud-
ies based on a variety of different linear approaches provides
at least some empirical evidence that the deviations from linear
additivity due to magnetostatic interactions are minor in natural
materials.

A number of previous studies have assumed that measured mag-
netization data resulted from a linear mixture of a number of in-
variant end-members (Shankar et al. 1994; Peters & Turner 1999;
Carter-Stiglitz et al. 2001). A matrix S can be constructed to repre-
sent the form, that is, remanence curve, of each end-member. The
matrix must therefore have one row for each of its m end-members
and l columns spanning the applied field steps. A second matrix A
represents abundances with n rows, one for the remanence curve of
each measured sample and a column for each end-member. If A is
interpreted in terms of abundances then it must be assumed that all
of its values are non-negative, that is, A ≥ 0. Given an assumption of
error-free perfect mixing, the data matrix X which is composed of
n rows corresponding to the sample measurements, and l columns,
corresponding to the measured field points, can be described by:

X = AS. (1)

In practise, an observed matrix of remanence data will deviate
from X due to measurement error and any non-linear effects, such
as magnetostatic interactions between the components. Therefore,
X will be composed of the remanence values explained by a linear
model AS and an error kernel, ε:

X = AS + ε. (2)

To form the data matrix X, all the experimental remanence curves
must be measured at the same field values, thus any column in X rep-
resents the remanences of the sample set at a single given field. For
most real data sets this means it will be necessary to interpolate the
measured curves onto a series of common field values. In addition
X cannot be sparse, therefore it is necessary to have a remanence
value for each curve at each field value.

In this study A, S and ε will be all considered as unknowns, and
thus it is necessary to determine both the form of the magnetic coer-
civity components and their abundances using only the information
contained in X.

3 N U M E R I C A L U N M I X I N G
P RO C E D U R E

To determine A and S numerically requires the definition of a cost
function to provide a measure of the difference between the data X
and the model matrix X̂ resulting from AS. The squared Euclidean
distance is adopted as a simple cost function which is optimal for sys-
tems that contain Gaussian distributed errors (Lee & Seung 2001):

‖X − X̂‖2 =
∑

i j

(Xi j − X̂i j )
2. (3)

The key to solving the unmixing problem is the factorization of
the matrix X in eq. (2), in such a manner that A and S can be deter-
mined simultaneously for a given number of end-members, that is,
a specific value of m. To be appropriate to the unmixing problem,
the factorization must be constrained in a variety of ways. First, the
abundance values in A must be non-negative, thus A ≥ 0. Second,
remanence acquisition is expected to proceed monotonically until
saturation is achieved. A simple solution to this requirement is to
process only remanence gradient data, as used in the gradient of
acquisition plots (GAP) of by Kruiver et al. (2001). Using the GAP
representation, the form of the end-members is expressed as the
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derivative of the acquisition and can be constrained by S ≥ 0 to
ensure monotonicity. To unmix linear or standardized acquisition
data (LAP and SAP, respectively) would require more complex con-
straints to enforce monotonicity that will not be considered here. Fi-
nally the end-members in S should be linearly independent, in other
words, it should not be possible to write any of the end-members as
a linear combination of the other end-members.

Lee & Seung (2001) developed an iterative method of non-
negative matrix factorization (NMF), to minimize ‖X − X̂‖2 with
respect to A and S, subject to the constraint A, S ≥ 0, based on the
multiplicative update rules:

Saµ ← Saµ

(ATX)aµ

(ATAS)aµ

Aia ← Aia
(XST)ia

(ASST)ia

where i , a, µ are the indices for the matrices, A and S, as i =
1, . . . , n, a = 1, . . . , m and µ = 1, . . . , l. The multiplicative update
rules will also fulfil the linear independence requirement of S. NMF
can be applied to both absolute and normalized remanence curves,
producing values of A that will be expressed in terms of absolute
remanences and fractional abundances, respectively.

Lee & Seung (2001) provided a proof to show that under such
a multiplicative update approach to NMF, the value of ‖X − X̂‖2

would descend continually to at least a local minimum. The proof
was later shown to be in error and it is possible for the NMF al-
gorithm to descend to a saddle point (Berry et al. 2007). It is im-
portant to note therefore, that the NMF solution obtained by the
presented multiplicative updates is not unique. NMF is still a devel-
oping field and recently a number of algorithms have been proposed
based on adaptations of the Lee & Seung (2001) method to im-
prove convergence properties (Cichocki et al. 2006a; Zdunek &
Cichocki 2006).

To initialize the NMF algorithm, the user must define the number
of end-members (m) to be included in the model and provide initial
estimates of A and S. The majority of studies employing NMF sim-
ply initialize A and S using random numbers distributed uniformly
in the interval [0, 1]. It has been demonstrated however, that the
speed and accuracy of the solutions of NMF algorithms can be im-
proved by providing good initializations based on the input data set
(Wild et al. 2003; Langville et al. 2006). One example is to perform
cluster analysis on X and use the locations of the cluster centres as
the initial S. Using such an approach, the investigator would still be
required to define the number of end-members manually by choos-
ing the number of clusters to be calculated during the initialization
procedure. Where appropriate S could be populated with predefined
type curves, under the multiplicative updates S would not remain
fixed, but in certain cases such an approach could provide a robust
initialization leading to a meaningful convergence. Initializations
could also employ CLG or SGG model solutions. For example, the
average acquisition curve over an entire data set could be calcu-
lated and modelled using either the CLG or SGG methods, with
the fitted functions providing an initial estimate of S. Using such
an approach would still require an estimate of A for each measured
sample, which given the estimate of S, could be found by solving a
simple least-squares problem.

The entire iterative NMF algorithm including initialization and
multiplicative updates can be written in a compact form using

MATLAB® notation:

S = rand (m, l);

A = rand (n, m);

for i = 1 : maxiter

S = S. ∗ (A’X)./(A’AS + eps);

A = A. ∗ (XS’)./(ASS’ + eps);

end

where eps represents some small number, typically of the order 10−9

to avoid division by zero (Berry et al. 2007).
Here, the NMF approach is presented in its simplest form to

demonstrate the applicability of such an approach to the unmixing of
remanence curves. A large body of additional work exists, extending
the basic NMF algorithm to employ alternative distance measures,
control the smoothness of A and/or S, account for data sparseness
and force ε to conform to a pre-defined distribution (Hoyer 2004;
Cichocki et al. 2006a,b; Pauca et al. 2006; Zdunek & Cichocki
2006).

As a final point, it is important to consider the minimum number
of measured curves that are required to obtain a robust model of
the data, that is, what is the practical lower limit of n. This question
is difficult to answer because it depends on various factors, such as
the number of end-members to be fitted, the intersample variability
in end-member abundance, the number of data points in the data
curves and noise levels. In general, the investigator should attempt
to include as many data curves as possible and run the algorithm
a number of times starting from different initializations. Solutions
that are clearly meaningless in a rock magnetic context can be dis-
carded and the quality of the remaining solutions can be assessed
by the ability to interpret them within the constraints of the specific
scenario being investigated. If each separate initialization yields a
similar result then it would appear that the algorithm is converging to
a consistent minimum each time and the size of the input data set can
be deemed to be sufficient. A series of numerical experiments with
artificial and real data performed during the present study suggested
that for typical remanence curves approximately 50 samples should
be considered as the minimum value to ensure a robust unmixing.

3.1 Selecting an appropriate number of end-members

A problem common to remanence unmixing techniques is the deci-
sion of how many components should be included in the modelling
procedure. A vast body of work exists concerned with the general
ideas of model selection criteria (Burnham & Anderson 2002) and
the general rules follow the idea that models should employ the
minimum number of components that will still provide a good fit
to the measured data. A key idea in this approach is that all the re-
solved components must be interpretable within the natural context
of the data, a model which contains inexplicable components is thus
deemed to be overly complex.

A number of statistical methods have been applied in the paramet-
ric unmixing of remanence data in an attempt to provide an objective
estimation of the number of components that should be included in
a model. Kruiver et al. (2001) adopted an approach based on the sta-
tistical testing of the distributions of residuals obtained from fitting
with different numbers of CLG functions. An F-test was employed
to compare the variance of the residuals from two different models
involving m and m + 1 components. The more complex m + 1 model
would be rejected if variance of the residuals from the calculated
fit was not significantly lower than the residual variance from the m
component model.
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Egli (2003) adopted a different approach, employing Pearson’s χ2

goodness of fit test to determine the statistical similarity between
measured data and a fitted SGG model. In terms of complexity, Egli
(2003) recommended that a model is not overly complex if fitting
with less parameters would produce a very different model result.

In this study, we propose a method which is less rigorous statisti-
cally than the approaches of Kruiver et al. (2001) and Egli (2003),
but provides a clear visualization of differences between the mea-
sured data and the fitted model, aiding the determination of a suit-
able number of end-members for NMF models. The basis of the
selection criterion lies in fact the NMF is applied to a collection
of remanence curves simultaneously. Measured data and a resulting
NMF model can be compared by the calculation of the coefficient of
determination (r2) between X and AS at each measured field value.
This approach will provide a measure of how well a given model
explains the data variance across the applied field range of the mea-
surements. For the case of a model with insufficient end-members,
the variance of the input data cannot be reproduced by the model
and the calculated r2 values will be low at a number of fields. For the
optimum model, the r2 value will be high across all the applied fields
and it will be found that the inclusion of additional end-members
will have little effect in improving the correlation between the mea-
sured and modelled data. The applicability of this approach will be
demonstrated in the following case studies.

4 C A S E S T U DY I : N I G E R FA N
S E D I M E N T S

Gravity core GeoB 4901 was recovered from the southern flank of
the Niger deep-sea fan at a water depth of 2184 m. The sediments
consisted mainly of clay-bearing diatomaceous nannofossil oozes,
without any indications of perturbations (Zabel et al. 2001). A sta-
ble oxygen isotope chronological framework constructed for the
core produced a basal age for the sediments of ∼245 ka, coincident
with the transition between marine oxygen isotope stages 8 and 7
(Adegbie 2001).

Terrigenous material dominated the sediment composition, with
variations reflecting the climatic history of central Africa, whilst
carbonate content was generally low reaching a maximum value
of ∼36 wt per cent. Terrigenous input was found to vary rhythmi-
cally with orbital parameters, reaching maxima during cold periods
when decreased vegetation cover resulted in more intense physical
erosion (Zabel et al. 2001). Geochemical studies of modern-day con-
ditions indicated that the terrigenous component currently reaching
the sampling location contained a maximum of 15 per cent aeolian
material and thus was dominated by river-suspended matter. The
location of the sampling site close to the Niger river mouth would
suggest that a similar situation persisted throughout the history of
the core with only minor contributions from aeolian components
(Zabel et al. 2001).

A geochemical investigation of the core revealed that only the
uppermost 10 cm of the sediments were oxic, additionally, based
upon the appearance of hydrogen sulphide in the pore water the lo-
cation of the suboxic/sulphidic transition was set at ∼12.5 m (Heuer
2003). The iron content of the sediment (mean iron concentration of
40.8 g kg−1) was controlled by the lithogenic fraction as evidenced
by a strong correlation with the aluminium concentration.

A detailed rock magnetic study of the diagenetically altered sed-
iments from GeoB 4901 was reported recently by Dillon & Bleil
(2006). Hysteresis, IRM, ARM, low temperature and thermomag-
netic data were combined to provide a comprehensive interpreta-

tion of the sedimentary magnetic assemblage and its modification
by a variety of diagenetic processes. Dillon & Bleil (2006) sug-
gested that the vast majority of the magnetic assemblage reaching
the core location was composed of eroded volcanic material orig-
inating from Cameroon. The volcanic assemblage was considered
to be of variable composition, containing both titanomagnetites and
titanohematites transported via the Niger tributaries. The presence
of large numbers of volcanic grains in the sediment has since been
confirmed by scanning electron micrographs and energy dispersive
X-ray spectroscopy of selected samples.

The modern iron redox boundary was identified at a depth of
∼2.5 m on the basis of a sharp decrease in magnetic mineral con-
tent, Fig. 1(a), a shift to coarser grain sizes and a slight softening
of the bulk coercivity (Dillon & Bleil 2006). Above the modern
iron redox boundary, the ratio of κ ARM /IRM is ∼2.0 × 10−3 m/A,
which is high enough to be indicative of authigenic minerals includ-
ing biogenic magnetite (Egli 2004b). Other studies have however
reported similar values of κ ARM /IRM from sediments where terrige-
nous input has been dominated by fine-grained (titano-)magnetites
(Frank et al. 2003; Frank 2007). As mentioned above, Dillon & Bleil
(2006) favoured a terrigenous origin for the magnetic assemblage,
supporting their argument with low-temperature remanence data
that showed no indication of a Verwey transition when measured on
bulk samples and only a weak expression in magnetic extracts. It is
however possible for the Verwey transition of bacterial magnetites to
be suppressed if they form maghemite rims due to low-temperature
oxidation (Smirnov & Tarduno 2000). Subsequent examination of
larger terrigenous grains in scanning electron micrographs showed
a minimal number of the surface cracks that could be taken as evi-
dence for maghematization (Dunlop & Özdemir 1997), suggesting
that the weak Verwey transition observed in the magnetic extracts
was due to an absence of bacterial magnetites rather than surface
oxidation of magnetosomes. Below the modern iron redox bound-
ary relatively large amplitude variations are still observed in the
concentration dependent parameters, beyond the suboxic/sulphidic
transition however, these variations disappear and the parameters
reach a baseline level.

The rock magnetic investigation of Dillon & Bleil (2006) showed
that diagenetic alteration of the detrital titanomagnetites appears to
have been dependant on both particle size and titanium content, with
the smallest particles dissolving first and the Ti-rich component be-
ing the most resistant to the reducing conditions. In an attempt to
trace the diagenetic history of the detrital assemblage, NMF unmix-
ing was applied to a collection of 177 backfield curves which were
measured during the original study of Dillon & Bleil (2006).

In order that they resembled IRM acquisition curves, the mass
normalized backfield data were rescaled (division by a factor of 2),
reversed and inverted (Fig. 1b). This pre-processing is necessary
because NMF requires X to be non-negative, therefore converting
backfield curves into pseudo-acquisition curves provides positive
remanence values and assuming that the curves are monotonic, posi-
tive gradient values. In some cases, the measured curves were treated
using a cubic smoothing spline (de Boor 1994), in order to reduce
the influence of a relatively high noise contribution. To assess the
effect of the smoothing procedure, the percentage residuals between
the measured data and the smoothed data were calculated, (Fig. 2).
The median of the residual distribution is found at ∼1 per cent,
which represents a 1 per cent difference between the measured and
smoothed data value. Some much larger residuals exist, in excess
of 100 per cent, however they correspond to the very weak rema-
nences where a small absolute change to the measured value during
smoothing will produce a large percentage residual. Finally, the GAP
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Figure 1. (a) Depth profile of the remanence acquired at 150 mT through the GeoB 4901 core with assigned Marine isotope stage (MIS) positions. (b) Smoothed
remanence acquisition curves for all the samples in core GeoB 4901 based on the measured backfield data. (c) Remanence gradient data (GAP) calculated from
the smoothed acquisition curves.
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Figure 2. Percentage residuals of the smoothing procedure applied to the
remanence curves of the Niger Fan sediments. The median residual is <1
per cent, however larger values are observed for the weak remanences.

data were calculated on a logarithmic field scale. It was found that
a number of the GAP curves became noisy at higher fields, there-
fore the data matrix X was truncated at a maximum field of 150 mT
(Fig. 1c). Saturated samples are not a requirement of the unmixing
procedure, however, truncating the data at low fields will only allow
the magnetically soft components of the mineral assemblage to be
studied.

The number of end-members to be included in the model was
based on the selection process described above. It is important to
stress that, although the detrital flux reaching the core location is
thought to have had a constant composition through time, the dia-
genetic processes did not act uniformly across the detrital magnetic
mineral assemblage. Thus, a single end-member cannot be used to
model the detrital magnetic mineral assemblage, but instead it is
necessary to have multiple end-members in order to represent the

relative abundance of different parts of the detrital assemblage as the
diagenetic processes preferentially remove certain types of grains.
It can be seen that a two component fit is not sufficient to model the
measured data at a number of fields through the measured spectrum
(Fig. 3a). A three component fit provides a great improvement at
low fields, however some of the higher field data remains poorly
modelled. The addition of an extra component in the 4 end-member
model provides only a slight improvement at high fields, thus for the
final unmixing, a 3 end-member model was selected. To initialize
the NMF algorithm, a GAP model was calculated for a curve formed
from the mean acquisition of all the samples, Fig. 3(b), given this
estimate of S, a first estimate of A was made using constrained least
squares.

The NMF model produces three negatively skewed distributions
with similar forms to the SGG function proposed by Egli (2003).
In the upper core, where the detrital assemblage is expected to be
pristine, Fig. 4(a), end-member 2 (EM2) makes the greatest con-
tribution to the remanence, followed by end-member 1 (EM1) and
finally end-member 3 (EM3). The form of the end-members sug-
gests that the magnetic assemblage is terrigenous in origin and not
authigenic/bacterial. The softest two end-members have broad dis-
tributions and when modelled individually with SGG functions yield
dispersion parameters >0.55, this property points towards a terrige-
nous origin and is incompatible with the small dispersion expected
for bacterial magnetites because of their narrow grain size distri-
butions (Kruiver et al. 2001; Egli 2004b). An extra analysis step
which could provide additional insights into the data set would be to
also perform unmixing of ARM data. In this way κ ARM /IRM could
be calculated for each end-member, providing clues to its origin.
This idea was first demonstrated by Egli (2004b), who formed SGG
models for both IRM and ARM curves and such an approach could
be incorporated easily into the NMF procedure. Unfortunately, the
ARM data measured for GeoB 4901 was not of sufficient resolution
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Figure 4. (a) Remanence contributions of the three individual end-members, note that both the absolute and relative proportions of the different end-members
vary across the different diagenetic zones of the core. (b) Gradient curves produced as the NMF algorithm output S. (c) Remanence acquisition curves for the
three end-members calculated from the output of the NMF algorithm. The end-members in S have been divided by factors to normalize each acquisition curve
to a maximum value of one, absolute remanence values can be calculated for each end-member in each core position by multiplying A by the same factors.
Because acquisition is non-linear it is not possible to extrapolate the normalized remanence of each end-member back to zero applied field.

to yield robust unmixing results, so interpretation had to be based
solely on the backfield data.

At the modern iron redox boundary, a drop in the abundance of
all three end-members is observed as dissolution occurs, however
the rate at which the individual components decrease differs. A very
gradual decrease in EM3 is observed across the modern iron redox
boundary, in contrast EM1 is quicker, losing ∼93 per cent of its
signal over ∼2.7 m. The greatest and most rapid decrease is seen
in EM2, ∼98 per cent of its signal over ∼1.3 m, suggesting it is
the end-member most susceptible to dissolution. Below the modern
iron redox boundary, the largest contribution to the remanence is
made by EM1.

Examination of the end-member coercivity distributions,
Fig. 4(b), provides a explanation for the abundance behaviour which

is consistent with the interpretation of Dillon & Bleil (2006). EM1
has a lower coercivity than EM2 and appears to have been more
resistant to dissolution, this is thought to be a grain size effect, with
EM1 composed of large (titano-)magnetite grains and EM2 com-
posed of fine (titano-)magnetite grains which where more readily
dissolved by the reducing conditions. It is apparent that EM3 had
the greatest resistance to dissolution suggesting a Ti-rich titano-
magnetite or titanohematite, this interpretation is supported by the
slightly harder nature of this end-member (Day et al. 1977).

Below the suboxic/sulphidic transition, further changes are
observed in the contributions of the end-members. Diagenetic
processes act more slowly in anoxic conditions and all three end-
members decrease gradually with depth reaching baseline values.
Under certain redox conditions it is possible for new remanence
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Figure 5. Individual sample fits for three locations through core GeoB 4901 that demonstrate the effect of diagenesis on the detrital input assemblage. In each
case, the model (thick grey line) represents the linear addition of the individual end-members and the measured data is shown with closed symbols. The depth
of the individual samples is shown in the top left corner of each panel.

bearing phases, such as greigite to be formed (Roberts & Turner
1993; Snowball & Torii 1999). Dillon & Bleil (2006) suggested that
minor amounts of single-domain greigite may form in the anoxic
zone of the sediments, if this is the case it is not detected in the
unmixing, because even with the addition of an extra end-member,
none of the resolved components could be interpreted as an authi-
genic iron sulphide phase.

Individual model fits for three sample horizons in the GeoB 4901
core are shown in Fig. 5. For the first sample (2.00 m), taken above
the modern iron redox boundary, the detrital assemblage is domi-
nated by contributions from the coarse and fine components (EM1
and EM2) and a good fit is observed between the data and the model.
A sample taken from the lower part of the core (13.50 m), below the
suboxic/sulphidic anoxic transition, shows dominant contributions
from EM1 and EM3. A good model fit is still achieved when the
absolute magnetizations are low, but the data degrades when mov-
ing towards high fields because of noise in the measured backfield
curve. It is clear, however, that the model follows the general trend
of the data and for such noisy curves it is not expected that each
point can be fitted exactly. The final example comes from the sam-
ple with the worst fit (17.75 m), where there is little correspondence
between the data and the model. It can be seen, however, that the
data is very noisy, especially at higher fields, and it is not surprising
that the model does not fit the data.

The Niger fan sediments can be used to demonstrate an addi-
tional point concerning end-member analysis. Because this form of
unmixing focuses on forming a low-rank representation of the over-

all behaviour of a data set, it is possible that samples which deviate
from the general pattern cannot be modelled properly. An example
of this effect is observed below the modern iron redox boundary.
A peak in the median destructive field of ARM was reported by
Dillon & Bleil (2006) and attributed to the localized precipitation of
bacterial magnetite. Because this zone has unique properties within
the sediment sequence, it cannot be accurately modelled using an
end-member approach. Shown in Fig. 6 is the data and model for
the sample at 2.90 m which is believed to contain bacterial mag-
netite. A higher coercivity feature is clearly present in the 2.90 m
sample, it cannot, however, be modelled with the three calculated
end-members. In contrast, neighbouring samples at 2.80 and 3.00 m
which are thought to not contain significant amounts of bacterial
magnetite and have properties that are more typical of the sediment
sequence as a whole can be fitted closely using the end-member
model.

5 C A S E S T U DY I I : A YO U N G
M I D - O C E A N R I D G E B A S A LT

The cooling rate gradient that exists between the glassy rim of a
mid-ocean ridge basalt (MORB) pillow and its interior produces
a spatial trend in titanomagnetite size and composition, which can
be tracked by a number of rock magnetic procedures (Kent & Gee
1994; Pick & Tauxe 1994; Gee & Kent 1995, 1999; Fabian 2003,
2006). Rapidly cooled MORB samples commonly yield magneti-
zation ratios (M rs/M s) greater than the value of 0.5 expected for

10 100
0

0.5

1

1.5

2

Field [mT]

R
em

an
en

ce
G

ra
di

en
t[

10
]

-3

10 100
0

0.5

1

1.5

2

Field [mT]

R
em

an
en

ce
G

ra
di

en
t[

10
]

-3

10 100
0

0.5

1

1.5

2

Field [mT]

R
em

an
en

ce
G

ra
di

en
t[

10
]

-3Data
Model

2.80 m 2.90 m 3.00 m

EM1 Coarse (Titano-) magnetites EM2 Fine (Titano-) magnetites EM3 Ti-rich Assemblage

Figure 6. Sample fits spanning the sharp peak in median destructive field of ARM and attributed to bacterial magnetite. The samples above and below the
peak, 2.80 and 3.00 m, respectively, can be fitted closely with the three end-member model. In contrast, the sample at the peak (2.90 m) has unique properties
within the core and cannot be modelled properly using an end-member approach. In each case, the model (thick grey line) represents the linear addition of the
individual end-members and the measured data is shown with closed symbols.
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single domain grains dominated by uniaxial anisotropy (Stoner &
Wohlfarth 1948). While some authors have suggested that such val-
ues are indicative of cubic anisotropy (Gee & Kent 1995, 1999), it
has been demonstrated recently that values of M rs/M s > 0.5 were
an experimental artifact and a uniaxial system will prevail for ti-
tanomagnetite in the presence of moderate internal stress (Fabian
2006).

A densely sampled zero age MORB from the Juan de Fuca Ridge
forms the basis of this case study. Pillow specimen T787-R1 (pro-
vided by D. Kent) is ∼12 cm long and was cut perpendicular to the
glassy margin, producing a transect to the pillow interior. The prop-
erties of this MORB have been measured in a number of previous
studies and it is thought that the magnetic granulometric trend of the
titanomagnetite assemblage is well understood (Zhou et al. 1997;
Gee & Kent 1999; Zhou et al. 2000; Fabian 2003, 2006). Hystere-
sis loops measured by Fabian (2003) demonstrate the rapid cooling
rate of the MORB at the chilled margin resulted in the formation
of superparamagnetic (SP) and single-domain (SD) particles. The
presence of SP grains is demonstrated by the reduced M rs/M s values
at the rim of the MORB with values subsequently increasing as the
SD grains begin to dominate the hysteresis behaviour (Fig. 8a). The
slower cooling rate towards the interior of the pillow favoured the
production of larger pseudo-single-domain (PSD) and multidomain
(MD) particles. As in the previous case study, measured backfield
curves (data provided by K. Fabian) were used in the unmixing pro-
cedure, therefore no information can be obtained concerning the
contribution of SP particles. A total of 68 curves were prepared
(rescaled, reversed, inverted and smoothed), however, no mass data
were available, therefore the MORB data had to be normalized ac-
cording to their maximum remanence. Sample locations are only
available as positions, which vary only approximately linearly as a
function of distance from the chilled margin of the specimen (Fabian
2003).

The composition of titanomagnetites (Fe3−x TixO4; 0 ≤ x ≤ 1.0)
within an individual pillow can vary strongly depending on a num-
ber of factors controlled by the cooling rate. Combined magnetic
and microscopy investigations (Zhou et al. 1997, 2000) identified
a subset of titanomagnetite grains that grew up to 40 µm and in-
creased in Ti content from x ≈ 0.3 at the rim to x ≈ 0.6 towards the
interior of a pillow. A second subset of finer (SD to SP) particles
revealed only a slight coarsening towards the interior and a highly
variable Ti content (0 ≤ x ≤ 0.8) throughout the pillow.

The evolution of a titanomagnetite assemblage through a MORB
pillow must be considered as dynamic and the first step is to de-
termine how many end-members are required to provide a quantifi-
cation of this behaviour through the T787-R1 specimen. All of the
NMF models applied to the MORB data were initialized using only
random numbers. We choose this form of initialization to demon-
strate that in some cases a robust model can be obtained without a
structured input for the NMF algorithm. Dunlop (2002) proposed
that the PSD hysteresis properties of titanomagnetites could be mod-
elled using a mixture of SD and MD behaviour. Given this proposi-
tion and the fact that SP material will play no role in remanence data,
it is possible to imagine that the spatial variation of the magnetic
properties within T787-R1 could be explained by a two end-member
(SD and MD) model. The two-component model produced by the
NMF algorithm yielded a poor fit to the data, this however is not
surprising because the spatial evolution of the magnetic assemblage
through a MORB pillow is complex. A comparison of 4, 5 and 6
end-member models reveals that sufficient complexity is achieved
with a 5 end-member unmixing, Fig. 7, but little improvement is
observed with six end-members.

r
2

4 EM Model
5 EM Model
6 EM Model

Figure 7. (a) Based on the correlation of the model and measured data
as a function of applied field, a five end-member solution was selected as
a balance between model quality and complexity. It can be seen that the
five end-member solution provides a large improvement over the four end-
member model, but the addition of extra components does little to further
improve the model quality.

At the pillow interior, EM1 dominates the relative remanence
contribution with values >75 per cent (Fig. 8b). Examination of the
coercivity distribution, Figs 8(c) and 8(d), shows it is the softest
component and reaches saturation just above 50 mT with a max-
imum in the coercivity spectrum at ∼30 mT. Such characteristics
indicate that EM1 is composed of the large (MD) titanomagnetites,
which were able to form in the more slowly cooled pillow interior.
Based solely upon the coercivity spectrum, it is difficult to estimate
the composition of the particles because there is no clear relationship
between coercivity of remanence and the level of Ti substitution for
coarse grained titanomagnetites (Day et al. 1977).

EM5 appears to be composed of particles with a broad distribution
of coercivities, it is the hardest of the five components and does not
saturate in a field of 300 mT. Because the NMF unmixing procedure
is non-parametric, the derived coercivity distributions do not con-
form to a given mathematical function, therefore it is not possible
to predict when a unsaturated component will reach saturation. Day
et al. (1977) showed that the coercivity of remanence for fine wet-
ground titanomagnetites was a function of composition, increasing
by a factor of ∼4 from pure magnetite to x = 0.6. Such evidence
suggests that EM5 represents a fine grained (SD) titanomagnetite
assemblage with highly variable composition, possibly as high as
x = 0.8, formed in the rapidly cooled outer part of the rim. Such
a hypothesis is supported by the relative remanence contribution of
EM5, which is highest (∼60 per cent) at the rim of the specimen
and decreases to <10 per cent within ∼1.5 cm (assuming a linear
relationship between position and distance).

EM2, EM3 and EM4 represent transitional assemblages that are
required to explain the trends in grain size and composition which
follow the cooling gradient of the pillow. It is important to note that
because of the linear independence enforced by the NMF algorithm,
the transitional end-members cannot be formed by simply mixing
together EM1 and EM5. Instead, the transitional end-members allow
for the non-linear behaviour of magnetic particle properties as a
function of grain size and composition, and it is apparent that the
PSD grains cannot be modelled simply as a linear combination of
SD and MD behaviour. EM2 is more MD-like with a peak in its
coercivity spectrum at ∼40 mT compared to the value of ∼100 mT
for the more SD-like EM4. EM3 appears to be a true transitional
assemblage with a coercivity peak at ∼55 mT and a shape which
contains features similar to both the SD and MD components. Past
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Figure 8. (a) Magnetization ratio measured across the zero age T787-R1 MORB specimen (data provided by K. Fabian). M as corresponds to the ‘apparent’
saturation which does not take the high field (>1 T) behaviour of the samples into consideration. Sample positions along the ∼12 cm long specimen vary
approximately linearly with distance from the chilled margin. (b) End-member abundances shown in a stacked area plot. The data set from T787-R1 was
normalized, thus the end-member remanences can only be quoted in relative terms, with the contributions to each sample totalling one. (c) Gradient curves
produced as the NMF algorithm output S. (d) Remanence acquisition curves for the four end-members calculated from the output of the NMF algorithm, the
end-members in S have been divided by factors to normalize each curve to a maximum value of one.

a distance of ∼3 cm from the rim (corresponding to position 15
and assuming a linear relationship between position and distance),
the SD dominated end-members have almost disappeared from the
magnetic assemblage, making a<10 per cent combined contribution
to the total remanence. At this position the MD-like components
make a significant contribution to the remanence and gradually the
full MD component (EM1) becomes dominant towards the interior
of the pillow. The model fits for two samples are shown in Fig. 9 to
demonstrate the shift from SD-type end-members at the pillow rim
to MD-type end-members in the interior.

The presented case study demonstrates the ability of the NMF
approach to unmix the variations in the magnetic assemblage of
the T787-R1 MORB specimen. The description of the spatial varia-
tion of the magnetic properties provided by the end-member model
corresponds clearly to the intrapillow processes described by previ-
ous authors. In cases, such as T787-R1 where the magnetic mineral
inventory is seen to evolve gradually, it is necessary to derive a rel-

atively large number of end-members in order that sufficient transi-
tional assemblages can be defined to produce a good description of
the measured data.

6 D I S C U S S I O N A N D C O N C L U S I O N S

The aim of this study was to demonstrate the potential of simple
NMF algorithms to unmix remanent magnetization curves. The two
presented case studies demonstrate the ability of such an approach
to derive both coercivity components and their abundances based
solely upon the variability in the measured data set. In the case of sed-
iments from the Niger fan, the effects of diagenetic alteration on the
detrital mineral assemblage could be traced in terms of both major
changes across geochemical fronts and more gradual modifications
as a function of depth. It was also possible to successfully model
the evolving titanomagnetite population of the Juan de Fuca Ridge
MORB by employing a relatively large number of end-members to
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Figure 9. Data fits for two samples taken from the T787-R1 MORB specimen in positions 9 (pillow exterior) and 32 (pillow interior). (a) SD-type end-members
are abundant towards the chilled margin of the MORB, whilst the MD end-member (EM1) makes only a very small contribution. (b) Towards the pillow interior,
the lower coercivity MD-type end-members dominate whilst the SD end-members are almost entirely absent. In each case, the model (thick grey line) represents
the linear addition of the individual end-members and the measured data is shown with closed symbols.

represent transitional assemblages. In both case studies, the number
of end-members in each model was selected on the basis of the cor-
relation between the measured and modelled data as a function of
field. This approach does not involve statistical testing, but instead
the selection criterion were only to keep the model simple, that is,
adopting the minimum number of end-members that would provide
a good fit to the data, and importantly the environmental origin and
implications of each end-member had to be clear.

The potential of NMF based algorithms in the unmixing of rock
and environmental magnetic data remains to be fully explored, in
particular the question of initialization needs to be addressed in more
detail. In principle, many types of magnetic data, both infield and
remanence curves, could be analysed where a linear mixing model
is thought to hold.
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