
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 70 (2006) 4783–4796
A geochemical approach to model periodically replenished
magma chambers: Does oscillatory supply account for the

magmatic evolution of EPR 17–19�S?

Eric Rannou a,*, Martial Caroff b, Carole Cordier b
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Abstract

We propose a new approach to model the geochemical evolution of continuously replenished and tapped steady-state magma cham-
bers. We use a sinusoidal function to model cyclic magma supply. The temporal evolution of a reservoir is described using differential
equations, in which the amount of refilling magma does not depend on the size of the chamber. These equations can be used to calculate
incompatible trace element concentrations and magma quantities. We examine the geochemical consequences of episodic injections, nois-
es and wall-rock assimilation. We also explore possible variations in crystallization rate. To show its potential, the theoretical treatment
has been applied to the EPR 17–19�S, a site with a strong magma budget which has been the subject of several geological/geophysical
studies. The practical application requires geological parameters to be constrained, as well as the extreme values of the lava concentration
range. A first step specifies the incompatible trace element composition of the replenishing melt, which corresponds in the EPR case to a
magnesian liquid (MgO = 9.5 wt%). It is then possible to determine other parameters such as cycle period (�750 years), magma residence
time (�300 years), and reservoir size (from 4.1 to 8.6 km3 per 20 km segment). Lastly, variations in crystallization rate do not significant-
ly alter the results.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The linkage between energetics and material balances in
the magmatic systems can be numerically treated either
through geochemical models which formalize physical pro-
cesses (e.g., Ghiorso and Sack, 1995; Edwards and Russell,
1998; Spera and Bohrson, 2002, 2004) or though mass bal-
ance models in which physics is not directly apparent, but
enclosed into a few integrative parameters.

In the physicochemical models, the modeling exercise
appeals directly to physical laws in order to address com-
plex natural systems. However such modeling processes
must make use of a great number of input parameters,
the values of which are not highly constrained. For
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instance, to model instantaneous heat transfer in a magma
chamber, heat loss to country rocks (roughly proportional
to the surface area of the reservoir) must be taken into ac-
count together with the effects of thermal and/or solutal
convection, replenishment by hot liquids, wall-rock assim-
ilation, etc. In such an approach, the realism of the method
is counterbalanced by the difficulty to obtain a set of useful
output parameters.

Alternatively, there are models based on integrative
methods, which can be used to reduce the number of
parameters and make their estimation easier without too
much simplification.

Two kinds of integrative procedures have been devel-
oped for modeling the behavior of replenished magma res-
ervoirs from geochemical data (see Caroff and Fleutelot,
2003, for a review). The first group uses mass balance cal-
culations to explore trace element variations in long-lived
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periodically replenished, periodically tapped and continu-
ously fractionating steady-state magma chambers (O’Hara,
1977; Albarède, 1985; O’Hara and Herzberg, 2002). The
second set of theoretical treatments applies to continuously
replenished, (occasionally or) continuously tapped and
continuously fractionating magma chambers (De Paolo,
1981; Reagan et al., 1987; Caroff et al., 1997). Contrary
to the former models, such approaches are used to track
instantaneous geochemical evolutions, using differential
equations.

Caroff et al. (1997) studied the case where both magma
refilling and expulsion are simultaneous and continuous
processes at the geological time scale. In such reservoirs,
the total amount of liquid either decreases (deflating cham-
bers) or increases (inflating chambers) through time. These
authors have shown that the geochemical differentiation of
the erupted lavas is strongly controlled by the mass fluxes
through the system. The corresponding model had been ap-
plied to four segments of the East Pacific Rise located be-
tween 17�000S and 18�400S.

The modeling by Caroff et al. (1997) includes several
simplifying assumptions: (i) each stage of evolution of the
reservoir (i.e. deflating or inflating phase) was studied sep-
arately; (ii) the crystallization rate was assumed to be con-
stant between the two stages; and (iii) all the magma fluxes
(replenishment, expulsion, and crystallization) were fixed
proportional to the reservoir size.

We propose here a new numerical approach to avoid
some limitations of the Caroff et al. (1997) model, while
retaining its ability to calculate at little cost geologically
significant parameters from specific geological constraints.
The main improvement introduced here is that the amount
of refilling magma is not dependent on the chamber size.
However, the characteristics of the magma supply ulti-
mately control the temporal evolution of the reservoir.
Among the various modalities of replenishment which
can be modeled, including constant magma flux, we have
chosen to consider a sinusoidal form of replenishment.
Such a mathematical function has been used successfully
by Albarède (1993) to model periodic chemical fluctuations
in magmas passing through a constant size reservoir. Our
approach allows us temporal periodicity of the magmatic
system to be explored through differential equations and
reconciles both concepts about the open-system magma
chambers: periodic and continuous inputs.

A great part of the compositional variations described
for oceanic/ophiolitic cumulates and lavas has been inter-
preted as the consequence of periodic intrusions of magma
into axial reservoirs beneath spreading ridges (e.g., Pallister
and Hopson, 1981; Smewing, 1981; Komor et al., 1985;
Humler and Whitechurch, 1988; Caroff and Fleutelot,
2003). The temporal cyclicity of magma supply can be
related to fluctuations in the magma delivery from the oce-
anic mantle. Such fluctuations can result from periodic
magma pulses at the surface (Maaløe, 2002), modeled as
‘magma solitons’ by some authors (Scott and Stevenson,
1984; Rabinowicz et al., 2001). In anhydrous basaltic reser-
voirs, expulsion of magma is not likely to lead to gas-driven
catastrophic events such as those which occur in arc set-
tings. Consequently, time-related magma expulsion be-
neath spreading ridges should be more easily modeled. In
an accretion context, wall-rock assimilation is supposed
to play a subordinate role with respect to fractional crystal-
lization. We have reinvestigated the geological site (EPR
17–19�S) previously studied by Caroff et al. (1997). In this
zone, known for its strong magma budget (e.g., Carbotte
et al., 1997; Hussenoeder et al., 2002), the variable
across-strike ridge profile is a sensitive indicator of a cyclic
magma supply (Lagabrielle and Cormier, 1999). Thus, the
configuration of this site is particularly adequate for the
application of our new geochemical approach. The trace
element data set of Caroff et al. (1997) has been extended
to include additional published analyses.

Among the output parameters, we are capable of estimat-
ing cycle periods and magma residence times. Few measure-
ments of such temporal data are presently available for
submarine volcanic zones, in order to make a comparison
with calculated parameters, contrary to the case of well stud-
ied replenished continental volcanoes (e.g., Hawkesworth
et al., 2000). Nevertheless, we have chosen not to apply the
present procedure to continental volcanoes, where: (i) stea-
dy-state can be considered as an exceptional feature (e.g.,
Cioni et al., 1995), (ii) assimilation is generally drastic (e.g.,
Kabeto et al., 2001), (iii) differentiation has frequently a
much greater extent, which may induce magma stratification
and imperfect mixing processes (e.g., Cioni et al., 1995).

The present procedure includes two parts : (i) a purely
theoretical development, potentially applicable to magmat-
ic systems from various geological settings; and (ii) a prac-
tical application specifically adapted to the case of EPR
17–19�S. The first and less constraining-step of the model-
ing, which consists to calculate incompatible trace element
composition of the replenishment liquid, has also been
tested on another oceanic site: the north-south propagating
spreading center located in the North Fiji Basin between 18
and 19�S (NS-PSC 18–19�S). Such applied modelings must
be modulated according to the level of geological knowl-
edge of the studied sites. The precision of the output data
(geochemical, temporal, or mass-related parameters) is
highly dependent on the accessibility and reliability of the
input parameters.

2. Fluctuating replenishment in continuously fractionated
and tapped magma chambers

2.1. Theory

In the model proposed here, the magma chamber behav-
ior is studied through the time variation of the resident
magma quantity Q. Let Qi, Qc, and Qe be the time integrat-
ed quantities of injected, crystallized and expelled magmas,
respectively (see Table 1 for definition of the model param-
eters). The resident magma quantity Q satisfies the follow-
ing differential equation:
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Fig. 1. Consequences of constant (a) and sinusoidal (b) intrusions on
temporal variations of the resident magma quantity Q, calculated from
Eqs. (6) and (8), respectively. In each diagram, two alternative initial
situations of the reservoir (empty or containing an arbitrary quantity of
magma) are considered. Q is calculated with c = 0.1. Magma reservoirs
tend exponentially toward a steady state behavior.

Table 1
Model parameters

Quantitiesa

Q Quantity of resident magma in the reservoir
Q0 Initial quantity of resident magma in the reservoir
Qe Quantity of expelled magma
Qc Quantity of crystallized magma
Qi Quantity of injected magma
qi Instantaneous rate of intrusion: qi ¼

dQi
dt

qi Mean rate of intrusion
a Quantity of magma crystallizing per time unit fixed

independently of Q

Chemical parameters
QE Quantity of an incompatible trace element E in the resident

magma
CE

i Weight concentration of an incompatible trace element E
in the injected magma (ppm)

CE Weight concentration of an incompatible trace element E
in the resident magma (ppm): CE ¼ QE

Q
DE Bulk distribution coefficient of an incompatible trace

element E

Fractions
a Fraction crystallized per time unit: a ¼ 1

Q
dQc

dt
ap Fraction crystallized per time unit (part dependent on Q in

the non-proportional approach)
re Mean ratio between extrusion rate and crystallization rate:

re ¼ dQe
dQc

c Fraction of magma lost by crystallization and extrusion
per time unit: c = a(1 + re)

cp cp = ap(1 + re)
cE Fraction of trace element E lost by crystallization and

extrusion: cE = a(DE + re)
cE

p cE
p ¼ apðDE þ reÞ

Sinusoidal model parameters
x/(2p) Frequency of the replenishment
T Period of the replenishment: T = 2p/x
u Phase shift between variations of Q and qi:

u ¼ � arcsin xffiffiffiffiffiffiffiffiffiffi
x2þc2
p ¼ � arcsin bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2þð1þreÞ2
p

uE Phase shift between variations of QE and qi:
uE ¼ � arcsin xffiffiffiffiffiffiffiffiffiffiffiffi

x2þcE 2
p ¼ � arcsin bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2þðDEþreÞ2
p

b b = x/a
s Residence time: s = 1/c

a The model has been expressed with magma masses and weight
concentrations. However, the Q parameters can be easily transformed into
magma volumes by introducing density values.
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dQ
dt
¼ dQi

dt
� dQc

dt
þ dQe

dt

� �
: ð1Þ

Like previous theoretical treatments (e.g., O’Hara, 1977;
De Paolo, 1981; Reagan et al., 1987; O’Hara and Herzberg,
2002), our model is based on the simplifying assumption of
proportionality between Q and the crystallized and ex-
pelled magma rates, respectively:

dQc

dt
¼ aQ ð2Þ

and

dQe

dt
¼ areQ; ð3Þ
where a is the crystallized fraction per time unit and re

the mean ratio between extrusion and crystallization
rates. The total proportionality factor is c = a(1 + re)
(Table 1).

In the Caroff et al. (1997) model, the instantaneous rate
of magma intrusion qi is also considered proportional to Q
(Table 1). During magma chamber growth, this assump-
tion leads to an exponential inflation of the chamber. In
the present model, qi is strictly independent of Q. This im-
plies that the characteristics of the processes occurring (or
originating) inside the reservoir (crystallization, extrusion)
are closely dependent on the intrusion process. Thus, the
instantaneous rate of intrusion qi is only time dependent:
dQi
dt ðtÞ ¼ qiðtÞ. Eq. (1) becomes then:

dQ
dt
¼ qi � cQ; ð4Þ

the solution of which is

QðtÞ ¼ Q0 þ
Z t

0

qiðxÞecxdx
� �

:e�ct; ð5Þ

where x is an integration parameter.
The simplest case which can be considered is when qi is

constant. Then, the magma quantity becomes:

QðtÞ ¼ qi

c
þ Q0 �

qi

c

� �
:e�ct: ð6Þ

This solution leads exponentially to a steady state Q value
equal to qi

c (Fig. 1a).
We have also considered a geologically more realistic

mode of intrusion, the sinusoidal one. The advantage of
such an approach to model natural periodic systems is that
it may approximate an average behavior or a smoothed
variation with time. In this case, qi and Q can be written,
respectively:
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qiðtÞ ¼ qið1þ cosðxtÞÞ ð7Þ
and

QðtÞ ¼ qi

c
þ qiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 þ x2
p cosðxt þ uÞ

þ Q0 �
qi

c
1þ c2

c2 þ x2

� �� �
:e�ct; ð8Þ

where qi is the mean rate of intrusion and u is the
phase shift. This latter parameter expresses the delay
of the reservoir response in terms of size to the magma
intrusion.

This solution leads exponentially to a magma quantity
equal to the following steady state sinusoid function:

QðtÞ ¼ qi

c
þ qiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 þ x2
p cosðxt þ uÞ: ð9Þ

This quantity oscillates around a mean value qi=c, with an
amplitude of 2qi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ x2

p
. The period T = 2p/x of the

function Eq. (9) is similar to that of the intrusion Eq. (7),
but with a phase shift of u (Fig. 1b).

Such an equation can be used to compute the residence
time s which can be defined as the ratio between the mean
quantity of resident magma and the mean rate of injected
magma:

s ¼
1
T

R T
0

QðtÞdt
1
T

R T
0

qiðtÞdt
¼

qi
c

qi
¼ 1

c
: ð10Þ

Thus s and c are here inverse parameters.

2.2. Geochemical formulation

Our approach can be applied to any quantity fitting an
equation of type (4), such as elemental weight concentra-
tions. Incompatible trace elements (E) are especially suit-
able for such a modeling. The behavior of major
elements and compatible trace elements is too much depen-
dent on both the nature and the proportion of the fraction-
ating minerals. In the geochemical approach, contributions
of crystallization and extrusion must be separated inside
the cE parameter, equal to a(DE + re), where DE is the bulk
distribution coefficient (Table 1). CE

i is the concentration of
an element E in the injected magma. Assuming that this
parameter is constant, the quantity of E in the resident
magma is

QEðtÞ ¼ CE
i qi

cE
þ CE

i qiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cE2 þ x2

q cosðxt þ uEÞ

þ QE
0 �

CE
i qi

cE
1þ cE2

cE2 þ x2

 ! !
:e�cEt: ð11Þ

Combining Eqs. (8) and (11) allows us to obtain the func-
tion CE = QE/Q, which leads exponentially to a steady
state CE value equal to:
CEðtÞ ¼ CE
i

1
cE þ cosðxtþuEÞffiffiffiffiffiffiffiffiffiffiffi

cE2þx2
p

1
c þ

cosðxtþuÞffiffiffiffiffiffiffiffiffi
c2þx2
p

¼ CE
i

1
DEþre

þ cosðxtþuEÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDEþreÞ2þb2
p

1
1þre
þ cosðxtþuÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þreÞ2þb2
p

: ð12Þ

CE is proportional to CE
i (assumed to be a constant) and

the amplitude of its variations strongly depends on param-
eter b, defined as the ratio between x (frequency multiplied
by 2p) and crystallization rate a, also assumed to be a con-
stant (Table 1). Consequently, once the other parameters
are estimated, it is possible to determine CE

i and b only
from the maximum and minimum values of CE (measured
in the lavas).

2.3. Properties of the model

2.3.1. Low versus high frequencies

Our procedure belongs to a group of geochemical mod-
els widely used in several scopes: e.g., hydrogeology, sedi-
mentology, and magmatology. The linearity of the
differential equations is a mathematical property which
simplifies the expression of natural systems. For example,
linearity can be used to study the behavior of a magma
chamber only through the total input flux, even if the res-
ervoir is filled from several feeder zones.

From a mathematical point of view, elementary func-
tions (here sinusoids) can be added together, as a conse-
quence of the linearity, in order to obtain new functions.
Through Fourier’s decompositions, any periodic intrusion
function can be split into sinusoids.

In other respects, because the amplitude of Q (Eq. (9))
and QE increases when the frequency decreases, low
frequencies are amplified more. For example, in Fig. 2
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Fig. 3. Consequences of perturbations in the intrusion signal. The input
parameter values are: 0.02 km3/year for qi (mean rate of intrusion); 1000
years for the period T; DE = 0.01; 25 · 10�4 year�1 for a (fraction
crystallized per unit time); and 0.4 for re (mean ratio between extrusion
and crystallization rates). The zero value of time t is arbitrary. (a)
Consequences of noises. Random fluctuations are applied every 10 years
to the input signal, corresponding to the sum of two sinusoids. Noises
have slight repercussions on the output incompatible element concentra-
tions. (b) Discontinuous replenishment with narrow and high peaks
separated by long stages of quietness, like in the O’Hara’s (1977) model.
The response of the reservoir in terms of incompatible element concen-
tration is a dissymetrical periodic curve, with a maximum value close to
that obtained with a sinusoidal model as soon as the discontinuous input
signal is corrupted by noises. See text for more explanations.
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the linearity properties allow illustration of the conse-
quences of an intrusion which is the sum of two different
sinusoidal functions. In contrast with the input signal, the
component with the shortest period is strongly attenuated
in the output signals.

2.3.2. Noises

It is unlikely that periodic replenishments follow accu-
rately a sinusoidal function. Consequently, we propose to
examine the effects of large disturbances in an input qi sinu-
soid (considered as reference in the next sections). Let us
consider, as previously, the sum of two sinusoidal functions
having contrasted periods, then apply random fluctuations
to their amplitudes. Summing two sinusoids (one subordi-
nate with respect to the other) is used here to generate dis-
turbances which are not coeval with the main reference
sinusoid. We have chosen a set of input parameters close
to those which will be discussed later in the text, in the
EPR section. Results are shown in Fig. 3a. Noises in the in-
put signal have very slight repercussions on the shape of
the output concentration curve for the highly incompatible
element E. The extreme values are very close to those of the
reference output signal. Noises behave like a high-frequen-
cy signal, attenuated by the magmatic system.

Consequently, the model is robust to noises and other
discontinuities of natural systems, since it amplifies the sig-
nals which are geologically significant.

2.3.3. Chemical outcome of a noise-corrupted model derived

from O’Hara (1977)
O’Hara (1977) has proposed a periodical model in which

the resident magma differentiates for a long time in closed-
system reservoirs between two short-lasting refilling epi-
sodes. At steady state, this type of replenishment can be
represented through a periodical crenelated qi curve, show-
ing narrow and high peaks separated by long stages of qui-
etness. The corresponding signal is shown in Fig. 3b
together with a reference input sinusoid, similar parameters
being used in both cases. Supposing the ejection is contin-
uous (in contrast with the O’Hara’s model), the response of
the magma chamber in terms of incompatible element con-
centrations is a dissymmetrical periodic curve, with a max-
imum concentration value higher than for the reference
sinusoidal model. A noisy O’Hara-type signal, also shown
in Fig. 3b, has been constructed by distributing the qi value
(0.02 km3/year) into peaks (78%) and noises (22%). We ob-
tain also a dissymmetrical concentration curve as result,
but in this case the peak value is much closer to the maxi-
mum reference value. Thus, from a geochemical point of
view, a noisy model derived from O’Hara (1977) tends to
give output data close to those obtained through a pure
sinusoidal model.

2.3.4. Assimilation effects on melt chemistry
In a magmatic system with a strong magma budget, even

if wall-rock assimilation occurs, mass balance of trace
elements is thought to be mainly controlled by the
uncontamined magma. We propose to examine here the ef-
fects of wall-rock assimilation on the concentration of a
highly incompatible element like Ce (DCe taken equal to
0.01) in the specific case of oceanic ridge reservoirs, settled
within gabbroic surroundings. We have supposed that the
roof of the magma chamber undergoes partial melting to
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form anatectic migmatites, as suggested by Gillis and Coo-
gan (2002). In our assimilation test (using a set of parame-
ters similar to the noise test), the refilling magma has a Ce
content of 3 ppm. The magmatic system assimilates a
quantity of rocks corresponding to 10% of the incoming li-
quid during 200 years (i.e. a fifth of period) when the refill-
ing rate is maximal. Two events are considered in Fig. 4:
the first one corresponds to the assimilation of a leucosome
vein with 12 ppm of Ce and the second one, to the assimi-
lation of a REE-poor gabbro bearing 1 ppm of Ce (data
from Gillis and Coogan, 2002). The curve of Ce in the con-
taminated magma appears to be slightly modified with re-
spect to the reference output curve. The leucosome
assimilation leads to a peak increasing from 17.2 to
18.3 ppm just after the event, then to a damped value of
17.8 ppm at the following cycle. The gabbro assimilation
results in a barely perceptible depletion in the following
valley (7.5 ppm instead of 7.9 ppm without assimilation).

2.4. Breaking the strict proportional relationships

Until now, our theoretical approach has been based on
the simple assumption, already made by Caroff et al.
(1997), that the crystallization a ¼ 1

Q
dQc
dt and extrusion

1
Q

dQe
dt fractions remain constant. However, thermal con-

straints are thought to vary as a function of the reservoir
size. Indeed, the temperature gradient is highly dependent
on hydrothermal and conductive cooling together with
advection of heat from melt supply. Thus, the parameter
a (Table 1) is likely to vary when the reservoir size is
decreasing. To account for this geological constraint, let
us assume a crystallization rate a independent of Q. Then,
a becomes time-dependent and can be written:
aðtÞ ¼ ap þ
a

QðtÞ ð13Þ

in which ap is the constant component, corresponding to
the previous a value.

Previous comparable models (Reagan et al., 1987; Car-
off et al., 1997) have postulated a constant ratio re between
extrusion and crystallization rates. If we adopt this view,
dQe
dt ðtÞ ¼ reaðtÞQðtÞ. Then, Eq. (1) becomes:

dQ
dt
¼ qi � a

cp

ap
� cpQ ð14Þ

which corresponds mathematically to Eq. (4) with an intru-
sion rate equal to qi � a cp

ap
instead of qi.

Regarding the formulation of QE, Eq. (1) expressed with
cE

p ¼ apðDE þ reÞ becomes

dQE

dt
¼ CE

i qi � cE
p 1þ a

apQ

� �
QE: ð15Þ

This equation is not of the same type as Eq. (4). Through
the numerical behavior of the corresponding solutions, it
is possible to investigate the effects of variations in the rates
of crystallization and extrusion.

3. East pacific rise from 17�S to 19�S

3.1. Large summit troughs as a reflection of variable

reservoir states?

The axial volcanic zone of the east pacific rise (EPR)
exhibits two kinds of morphology: broad, shallow, dome-
shaped portions (commonly midsections of first-order ridge
segments) and narrow, deep, triangular portions (generally
ends of first-order segments). Seismic reflection studies
have shown that a horizon marking the magma lens at
the top of the axial magma chamber (AMC), present along
more than 60% of the EPR, is typically detected beneath
the dome-shaped regions (Detrick et al., 1987). This
along-axis morphological variability has been attributed
to differences in magma supply, with highest magma bud-
get associated with dome-shaped ridge portions (Hooft
et al., 1997).

The EPR between 16�300S and 19�030S is part of a
1150 km-long first order segment located between the
Garrett transform and Easter microplate, and only inter-
rupted by nontransform offsets (Fig. 5a). The spreading
rate there is close to the fastest observed at the present
time on Earth (ca. 150 mm/yr, DeMets et al., 1990).
The corresponding axis is systematically dome-shaped.
Three overlapping spreading centers (OSC) define, from
south to north, the four second-order segments H, I, J,
and K (Fig. 5b). Each of them displays a specific axial
morphology: segment K axis has a typically smooth mor-
phology whereas the three other ones are notched by
more or less wide troughs (>500 m). Very recent volcanic
activity has occurred along the axis in each segment
(Auzende et al., 1996).
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show the connection between the time-related morphological evolution of the axial profile and the melt lens state. Modified after Hooft et al. (1997) and
Lagabrielle and Cormier (1999).
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Within the broad dome-shaped sections of the EPR,
AMC width and depth vary systematically as a function
of axial morphology and depth (Carbotte et al., 1997;
Lagabrielle and Cormier, 1999). Where the AMC reflector
is shallow and continuous over a long distance, the axial
crest is devoid of any significant trough (smooth portions).
In contrast, large troughs (500–2000 m wide and 20–100 m
deep) occur, more rarely, at the axial dome summits be-
neath which short-wave variations in AMC reflector are
observed (notched portions) (Lagabrielle and Cormier,
1999; Garel et al., 2002).

From the conclusions of Hooft et al. (1997) and Laga-
brielle and Cormier (1999), a cyclic model can be proposed
to account for the temporal evolution of the dome-shaped
axis within the considered zone. It is based on three con-
cepts: (i) it requires a composite magma chamber including
a thin melt lens overlying a zone of crystal mush surround-
ed by a transition zone of mostly solidified crust (Sinton
and Detrick, 1992) (Fig. 5c and d); (ii) the formation of
large summit troughs is closely related to changes in the
underlying reservoir, as is also suggested by other authors
(e.g., Macdonald and Fox, 1988); and (iii) each axial mor-
phology type corresponds to a time-related evolutionary
stage of a given portion of the ridge. A smooth morpholo-
gy (segment K type) corresponds to a robust magma sup-
ply to the lens (stage A: Fig. 5c). When magma supply
begins to decrease, faults appear through the thin brittle
crust, leading to changes in the thermal structure and to
sinking of the magma lens. Concomitant, continuous mag-
ma expulsion/crystallization induces the progressive wan-
ing of the lens (stage B: Fig. 5d). The return to a strong
replenishment stage produces rise and inflation of the mag-
ma lens. Among the EPR portions where the presence of an
AMC is predicted with at least 75% confidence, one third is
represented by notched segments (estimated from the Fig. 1
of Lagabrielle and Cormier, 1999). Given the connection
between axial morphology and time, the relative duration
of stages A and B can be estimated from their respective
spatial extent. Thus, the duration of stage B should repre-
sent one third of a cycle period.

3.2. Geochemical data

Within the latitude interval corresponding to segments
H, I, J, and K, the EPR portion between 17�S and 19�S
has been intensively studied from a geological/geophysical
point of view. The magmatic segments have also been char-
acterized from major element and compatible trace element
studies (Sinton et al., 1991; Mahoney et al., 1994). More-
over, incompatible trace element data on fresh and recent
samples are available along the considered axial zone. In
our modeling, only rare earth elements (REE) measured
on N-MORB have been considered. Our set includes the
31 data from Caroff et al. (1997), combined with ten
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analyses from the PETDB (petrological database of the
ocean floor) electronic database (Kay et al., 1970; Hékinian
et al., 1995; Niu et al., 1996; see www.petdb.org). This set
may be considered representative of the compositional var-
iability of the lavas in the studied ridge portion, even if the
geochemical differences between the segments are possibly
attenuated due to the involvement of a few older samples
resulting from a previous stage of the magma system evo-
lution. La and Er, which display more scattered variations
than their neighboring REE, are shown in Fig. 6a, but not
included in the quantitative modeling.

The chondrite-normalized REE patterns are broadly
parallel and show a depletion in light REE for all segments
(Fig. 6a). Moreover, these patterns corroborate the obser-
vations made by Batiza et al. (1995) from major element
studies: samples from segments H, I, and J are more com-
positionally heterogeneous than samples from segment K,
and they include the most differentiated lavas (Fig. 6).
The compositional differences observed between N-MORB
from segment K and those from segments H, I, and J are
not due to mantle source heterogeneities, because the high-
ly incompatible trace element ratios and the Sr, Nd, and Pb
isotopic ratios remain constant along the EPR axis between
17�S and 19�S (e.g., Niu et al., 1996). Thus, only variations
in the extent of partial melting and/or fractional crystalli-
zation could explain such a chemical diversity.

Helium and neon isotopes measured on EPR lavas be-
tween 13� and 23�S are variable, but not correlated with
10

Samples / Chondritesa
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ND1 1-5

1

100

La Ce Nd Eu Dy Er Yb

Stage A lavas (segment K
Stage B lavas (segments H

Modeled Ci
E
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Fig. 6. Geochemical data on axial lavas collected from EPR 17–19�S (Kay et
Chondrite-normalized REE diagram (normalization values from Sun and Mc
samples) and B (notched segments, 26 samples). Samples used for geochemical
most differentiated samples, respectively). The composition of intruded magma
MgO = 9.5 wt% (see text). The CREE

i values have been calculated using the set o
an appropriate crystallizing assemblage (DREE

2 ). (b) Variations of Ce content
(segment K) is more restricted than that of stage B lavas (segments J, I, and H
other isotopes, major elements, and trace elements. This
feature argues against large differences in the degree of
melting or depth of melting (Kurz et al., 2005). Using the
inverse method of Maaløe (1994), we have tested the geo-
chemical consequences on lava compositions of an increase
of the partial melting degree from 17% to 20%, a range pro-
posed for this zone by Bach et al. (1994). Although non
negligible, this process can only account for less than
20% of the total amplitude observed for REE variations.

3.3. Model parameters

Some input parameters need to be constrained using
geophysical and geological observations prior to applying
the model on a natural site. Given the relative constancy
of MORB densities in a large range of compositions
(Sparks et al., 1980), melt quantities can be equally ex-
pressed as masses or as volumes. In the case of EPR 17–
19�S, we have chosen as input parameters (Table 1):

• qi (expressed as mean volume of magma injected in the
reservoir for one year),

• QA � QB (difference between the volume of resident
magma at the end of stage A and at the end of stage
B, i.e. amplitude of the Q function as expressed in Eq.
(9)),

• re (mean ratio between rate of extrusion and rate of
crystallization),
17.0 17.5 18.0 18.5 19.0
8
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)
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al., 1970; Hékinian et al., 1995; Niu et al., 1996; Caroff et al., 1997). (a)
Donough, 1989), with fields for lavas from stages A (smooth segment, 15
modeling are indicated (ND1-1 and ND11-5 for the most primitive and the

CE
i is compared with the composition of a mafic MORB from EPR with

f bulk distribution coefficients estimated by combining individual KD with
with latitude. The compositional range of lavas erupted during stage A

). Full symbols denote samples used for geochemical modeling.

http://www.petdb.org
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• CE (REE concentrations in lavas, regarded as represen-
tative of expelled liquids),

• and DE (bulk distribution coefficient of the incompatible
trace element E).

Volumes are defined for a 20 km-long ridge portion.
This corresponds approximately to the length of a third or-
der segment and may represent the area likely to be affected
by a single eruptive event (Sinton et al., 2002).

To constrain the qi value for a 20 km-long EPR portion,
we have considered (after Hooft et al., 1997) that, provided
that there is no strong along-axis magma transport at
crustal levels, crustal thickness is the most direct estimation
of ridge magma supply. Consequently, the qi value along
20 km axis, for a 6.8 km-thick crust (White et al., 1992)
and a spreading rate of 150 mm/yr, is 0.02 km3 by year.

The QA � QB value can be estimated from the maximum
variation of the lens volume between stages A and B, with-
out taking into account the distal parts of the lens where
small volumes of fractionated magma might pond. We
have considered a fully molten inflated lens 120 m thick,
1200 m wide, and 20 km long (stage A) (Hussenoeder
et al., 1996; Collier and Singh, 1997; Carbotte et al.,
2000) and an empty deflated one (stage B), which implies
a volume difference of ca. 3 km3. Assuming the constancy
of the spreading rate, another way to approach this volume
variation is to consider the maximum empty space created
during the formation of the large summit trough. If we
consider a 20 km-long axial trough 2 km wide and 110 m
deep (Lagabrielle and Cormier, 1999), we obtain a volume
of ca. 4.5 km3. These values are rather similar, even if emp-
tying a lens cannot account entirely for the formation of
the summit depression. The slight difference could reflect
the partial draining of the interstitial melt. Thus, calcula-
tions have been performed with a QA � QB value equal
to 4.5 km3.

The ratio re can be written Qe/Qc if Qe and Qc are zero at
the start of the process. We have approximated it using the
ratio between the thickness of seismic layers 2 (basaltic la-
vas plus sheeted dykes: ca. 2 km) and 3 (gabbroic rocks: ca.
4.8 km), i.e. re � 0.42. We have used a re equal to 0.4, to
Table 2
Lava samples used for the modeling on EPR 17–19�S and main results of the

ND1-1 ND11-5 D1 b (a)

Segment shapes Smooth Notched
Segments K I
Latitude 17�09.930S 18�33.280S
Ce 9.8 15.8 0.01 4.10
Nd 9.16 15 0.10 3.61
Eu 1.23 1.8 0.40 3.12
Dy 5.44 8.5 0.35 2.87
Yb 3.08 4.9 0.32 2.89

Mean 3.32

REE compositions of samples ND1-1 and ND11-5 (from Caroff et al., 1997) a
coefficients have been determined by two methods: by least square linear regr
crystallizing assemblage (D2): see text for more explanations. Ci (ppm) and b ar
to 0 km3/(year.20 km ridge): (a) using the D1 set; (b) using the D2 set; and for
account for the slight density contrast between basalts
and gabbros.

The procedure also requires us to constrain the range of
REE concentrations in the erupted magmas, i.e. the mini-
mum and maximum REE concentrations in the lavas. We
have selected two rocks representative of the extreme com-
positions of our set: ND1-1, the most depleted sample for
the REE taken as a whole, and ND11-5 (Caroff et al.,
1997) (Table 2 and Fig. 6).

A first set of bulk REE distribution coefficients (D1) has
been calculated from the chemical data, except for Ce
which has been taken as the reference incompatible trace
element. DCe

1 has been arbitrarily fixed to 0.01. The other
D1 values have been estimated through the slope S in
diagrams ln CE versus ln CCe. For each REE, S has been
calculated by least square linear regression: D1 ¼ SðDCe

1

�1Þ þ 1. This approach assumes Rayleigh fractionation,
which is hardly consistent with an open-system magma
chamber. Consequently, we have calculated another set
of bulk distribution coefficients (D2) by combining individ-
ual mineral/liquid distribution coefficients (KD from Fuji-
maki et al., 1984) with an appropriate crystallizing
assemblage (approximately 10 wt% olivine, 35 wt% clino-
pyroxene, and 55 wt% plagioclase, L. Coogan pers. comm.,
2005). The proportion of trapped melt cannot be estimated.
Results are shown in Table 2. The fact that the two sets are
significantly different will be used to test the robustness of
the modeling.

4. Results

4.1. Geochemical approach

4.1.1. EPR 17–19�S

We have put into Eq. (12) the values of the input param-
eters re, DE (calculated from two methods), and CE dis-
cussed above. The two last unknown parameters, b and
CE

i , can be then estimated using a graphical method.
In Fig. 7 CCe is plotted against t which denotes a dimen-

sionless time. Indeed, the time scale has no effect on the
extreme CCe values as a result of the homogeneity of
geochemical approach

Ci (a) D2 b (b) Ci (b) b (c) Ci (c)

3.47 0.06 3.90 3.87 13.5 3.99
3.94 0.11 3.57 4.02 12.4 4.14
0.80 0.21 4.12 0.62 14.1 0.63
3.38 0.22 3.46 2.84 12.1 2.98
1.85 0.22 3.32 1.61 11.5 1.66

3.67 12.72

re expressed in ppm (glasses analyzed by ICP-MS). The bulk distribution
essions from our sample set (D1) and by combining individual KD with a
e the output parameters deduced from the geochemical model, for a equal
a equal to 0.01 km3/(year.20 km ridge), using the D2 set: (c).
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Eq. (12). The first step in the modeling fixes b and CCe
i arbi-

trarily. CCe
i is then adjusted until the calculated median CCe

value is centered on the lava concentration range (Fig. 7a).
Finally, b is adjusted to match the calculated and measured
maximum and minimum concentrations (Fig. 7b). This
procedure has been applied to the other REE. Results are
shown in Table 2. The consistency of the DREE coefficients
can be tested from the reproducibility of the b values. They
vary from 2.87 to 4.10 for the D1 set (linear regression) and
from 3.32 to 4.12 for the D2 set (crystallizing assemblage).
The two ranges of b values are rather restricted given the
non linear property of this parameter. However, the DREE

2

values lead to less scattered b values (Table 2).
The CREE

i values calculated from the two sets of DREE

are fairly similar (Table 2). The D1 values merely lead to
stronger LREE/HREE fractionation in CREE

i . Given both
the questionable method of calculation of DREE

1 and the
more scattered corresponding b values, our preferred b
and CREE

i values will be henceforth those derived from
experimental KD values (DREE

2 set).
Our preferred CREE

i values are shown in Fig. 6a together
with the range of CREE measured in lavas. Concentrations
in the refilling melt are clearly lower than those in effusive
rocks, a feature consistent with its primitive character. The
CREE

i pattern is grossly parallel to those of the lavas. We
have calculated the REE versus MgO linear regressions
with 186 N-MORB from EPR and then estimated the mean
REE composition of an EPR lava with MgO = 9.5 wt%
(Fig. 8), in order to check the geological significance of
the CREE

i set. The results, plotted in Fig. 6a, are close to
the CREE

i values. Such a primitive composition suggests that
a magma which has previously undergone little differentia-
tion and/or assimilation can be delivered to the axial reser-
voir. This result is consistent with a model in which most of
the crystal nucleation and growth processes occur within
the AMC (Quick and Denlinger, 1993; Coogan et al.,
2002).

4.1.2. NS-PSC 18–19�S

The north-south propagating spreading center from the
North Fiji Basin (NS-PSC), located between 18�100S and
20�500S, propagates northwards at a rate of c. 57 mm/yr
since at least 1 Ma. The N-MORB lavas from its northern
dome-shaped segment, located between 18 and 19�S (NS-
PSC 18–19�S), are characterized by homogeneous Sr and
Nd isotopic ratios as well as nearly constant incompatible
trace element ratios (Fleutelot et al., 2005). These data ar-
gue against mantle source heterogeneties. In addition, there
is no evidence for occurrence of an assimilation process.
Caroff and Fleutelot (2003) have suggested that magmas
migrate through several open-system reservoirs along the
propagating segment. In their view, at least the two most
mafic lava groups (M1 and M2, Table 3) were erupted from
cyclically replenished magma chambers, following the
model of Albarède (1985). The composition of the fresh
mafic liquid replenishing the reservoir (L0, Table 3), which
is an input parameter in their model, has been estimated for
mineralogical and geochemical data (Caroff and Fleutelot,
2003). The L0 liquid is periodically injected into a first
magma chamber, which expels M1-type magmas both



Table 3
Lava samples used for the modeling on NS-PSC 18–19�S and main results
of the geochemical approach

M1 M2 D b Ci L0

Y 31.1 40.6 0.2325 5.74 15.69 17.9
Zr 66 97 0.061 4.85 25.4 27
Nb 1.56 2.61 0.008 3.81 0.56 0.63
La 2.29 3.50 0.1215 4.11 1.01 1.07
Ce 7.79 11.71 0.0915 4.42 3.22 3.69
Nd 6.98 10.37 0.127 4.38 3.07 2.78
Eu 1.05 1.33 0.2655 6.20 0.55 0.52
Dy 5.18 6.74 0.2325 5.81 2.61 3.01
Er 3.15 4.10 0.2315 5.81 1.59 1.85
Yb 3.17 4.11 0.2355 5.87 1.60 1.84

M1 and M2 correspond to the average incompatible trace element com-
positions of lavas from group 1: 64 P mg# P 61 and lavas from group 2:
59 P mg# P 52, respectively (Caroff and Fleutelot, 2003, their Table 1).
L0 is the parental liquid composition estimated by least square linear
regression for a mg# value of 69 (Caroff and Fleutelot, 2003, their Table
1). M1, M2, and L0 are expressed in ppm. The D values correspond to the
average values of the bulk distribution coefficients estimated by Caroff and
Fleutelot (2003) for stages 1 and 2 in their Table 3. Ci (ppm) and b are the
output parameters deduced from the geochemical model, with rates of
crystallization and extrusion regarded as constant.

Table 4
Results of the extended approach on EPR 17–19�S

km3/(year.20 km ridge) a = 0 a = 0.01

T year 757 711
ap year�1 23 · 10�4 7 · 10�4

QB km3/(20 km ridge) 4.1 3.92
QA km3/(20 km ridge) 8.6 8.42
s year 316 308

Stage A: Smooth axial morphology

DQc km3/(20 km ridge) 8.27 7.08
DQc/(2T/3) km3/(year.20 km ridge) 0.017 0.015
DQe km3/(20 km ridge) 3.31 2.83
DQe/(2T/3) km3/(year.20 km ridge) 0.007 0.006

Stage B: Notched axial morphology

DQc km3/(20 km ridge) 2.54 3.08
DQc/(T/3) km3/(year.20 km ridge) 0.010 0.013
DQe km3/(20 km ridge) 1.02 1.23
DQe/(T/3) km3/(year.20 km ridge) 0.004 0.005

DQc, total volume of magma crystallized during a stage. DQe, total volume
of magma ejected during a stage. To obtain the mean volumes of magma
crystallized and ejected by year, DQc and DQe are divided by the postu-
lated duration of stages A and B (2T/3 and T/3, respectively).
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through the overlying crust and into another reservoir
located closer to the northern extremity of the propagating
spreading center. This second reservoir periodically expels
M2-type liquids.

Given the apparent similarity between the magma sys-
tem behavior in both oceanic ridge zones (EPR 17–19�S
and NS-PSC 18–19�S), we have tested the geochemical
formulation of our model on this second site. For that
purpose, we have regarded the two interconnected reser-
voir as one single magmatic system, replenished by a L0-
type mafic liquid and expelling both M1- and M2-type
magmas. The parameter values put into Eq. (12) (Table
3) are: 0.4 for re, as in the EPR case; for DE, the average
values of the bulk distribution coefficients estimated by
Caroff and Fleutelot (2003) for stages 1 and 2 (their Ta-
ble 3); M1 and M2 as CE

min and CE
max, respectively. The

output parameters, b and CE
i , are also shown in Table

3. The b values ranges from 3.81 to 6.20 and the CE
i

and L0 values are very similar, with relative deviation
values ranging from 5.6% (Eu) to 15.1% (Er). The fact
that we find again the composition of the refilling liquid
shows that simpler mass balance steady-state open-sys-
tem models, such as those proposed by O’Hara (1977)
and Albarède (1985), are not inconsistent with our ap-
proach. This result illustrates with natural data the kin-
ship between the different models of periodically
replenished reservoirs already shown above in the theo-
retical sections.

4.2. Extended approach

In the specific case of the EPR between 17� and 19�S, the
available geological and geophysical data allow further
modeling steps.
The mean b value calculated from the DREE
2 set (Table

2), together with the geological parameters qi and re, are
put into the amplitude QA � QB of the Q function as ex-
pressed in Eq. (9):

QA � QB ¼
2qi

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ reÞ2 þ b2

q : ð16Þ

It is then possible to calculate a, the melt fraction crystal-
lized per time unit, from which the period T = 2p/(ab)
can be determined. Then, all quantities are entirely con-
strained, either from Eq. (9) or by integrating Eqs. (2)
and (3). It is therefore possible to determine some of their
characteristics, such as the extreme volumes QA (maximum
value) and QB (minimum value) of the resident magma.
Assuming that the duration of stage B (notched morphol-
ogy) represents one third of the cycle period during which
the Q values are the lowest, it is possible to compute the to-
tal volumes of magmas crystallized (DQc) and ejected (DQe)
during each stage.

The results of these calculations are shown in Table 4.
The period, corresponding to the duration of stages A plus
B, is 757 years, whereas the residence time is 316 years. By
using the D1 set (Table 2), the results are almost identical
(period: 767 years and residence time: 290 years). The value
of the residence time cannot be directly validated, because
such a short time scale cannot be checked using most of the
current isotopic methods. Only high resolution isotopic dis-
equilibrium methods (e.g., 226Ra/230Th) could give accurate
temporal information, but very few data are available on
the MORBs (e.g., Sims et al., 2002; Blake and Rogers,
2005) and the interpretation in terms of residence time is
sometimes complex (e.g., Goldstein et al., 1999). Following
Blake and Rogers (2005) who have studied magma differ-
entiation rates from (226Ra/230Th) in several sites including
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EPR 9–10�N, the time required to generate moderately
evolved magmas (fraction of remaining liquid inferior to
0.7) is of the order of 500–1500 years. The resident time cal-
culated here is also remarkably consistent with values pro-
posed for open-system reservoirs feeding permanently
active basaltic volcanoes (e.g., a few 102 to 103 years : West
et al., 2001; Condomines et al., 2003). The crystallized frac-
tion of magma is 23 · 10�4 year�1. Blake and Rogers
(2005) have calculated crystallization rate values ranging
from 2 · 10�4 to 5 · 10�4 year�1 for EPR 9–10�N. As a
comparison, Vigier et al. (1999) have proposed a value of
ca. 3.5 · 10�4 year�1 for an equivalent parameter measured
by U–Th disequilibria for the 1978 eruption of Ardoukoba,
Asal Rift (Djibouti). The maximum amplitude of the reser-
voir drain corresponds to the difference between 8.6 and
4.1 km3/(20 km ridge). Finally, the mean volumes of mag-
ma crystallized or expelled per year during stage B repre-
sent 61% of the corresponding volumes during stage A

(Table 4).

4.3. Trends in the non-proportional model

The procedure described in Section 2.4 allows us to
investigate the effects of variations in the rate of crystalliza-
tion and extrusion. In order to highlight the trends induced
by this more realistic approach, we show in Tables 2 and 4
the results obtained (using the D2 set) for a high value of
crystallized magma volume fixed independently of Q:
a = 0.01 km3/(year.20 km ridge). With such a positive a

value, the fraction crystallized per unit time a increases
when the reservoir size is decreasing. A negative a value
would have an opposite effect.

For the chosen a value, 70% of the 0.02 km3 injected by
year which leave the system are independent of the reser-
voir size (50% crystallization and 20% extrusion for a re

value equal to 0.4). Only the remaining 30% are propor-
tional. The resolution method is similar to that presented
in Section 4.1 and Section 4.2.

The differences between the results with a = 0 and
a = 0.01 km3/(year.20 km ridge) are not geologically signif-
icant. The CREE

i values slightly increase (within the analyt-
ical error bar, Table 2), and the period decreases by ca. 6%,
whereas the residence time remains similar. The crystallized
and expelled volumes during stage B increase from 0.010 to
0.013 km3/(year.20 km ridge) and from 0.004 to 0.005 km3/
(year.20 km ridge), respectively (Table 4). The differences
between the results obtained using the two a values are
too small to justify the use of such a complex approach.

5. Conclusions

The purpose of the theoretical treatment presented in
this paper is to model the geochemical evolution of chang-
ing volume magma chambers, continuously replenished
and tapped, whatever their geodynamic settings. We have
used a sinusoidal function in order to model magma input,
but other kinds of replenishment might be evaluated, even
non-continuous input functions (provided that the practi-
cal application is adapted).

The use of the sinusoidal model requires a rather good
knowledge of the geological setting together with the ex-
treme values of the lava compositional range. A first step
can be used to calculate the incompatible trace element
composition of the replenishment liquid. If additional geo-
logical data are available, it is possible to evaluate other
parameters such as period, residence time, reservoir sizes,
crystallized and expelled volumes.

The geochemical formulation of this model has been
tested on the north-south propagating spreading center
located in the North Fiji Basin between 18�S and 19�S.
The calculated composition of refilling liquid is almost
similar to that previously estimated from experimental
data.

The model has been applied to the East Pacific Ridge be-
tween 17�S and 19�S, an intensively studied region known
for its strong magma budget. Our calculations suggest a
periodic refilling of the chamber by a rather Mg-rich
MORB magma (MgO = 9.5 wt%), a magma residence time
of ca. 300 years and a cycle period of ca. 750 years.
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