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The mixing equation applied by Vollmer [1] to Pb and Sr isotope ratios is shown to be a general equation
applicable to consideration of element and isotope ratios. The mixing equation is hyperbolic and has the form:

Ax+Bxy +Cy+D=0

where the coefficients are dependent on the type of plot considered: i.e. ratio-ratio, ratio-element, or element-
element. Careful use of this equation permits testing whether mixing is a viable process, places constraints on end
member compositions, allows distinction between mixing of sources and mixing of magmas, and should allow dis-
tinction between recent mixing and long-term evolution of sources.

The available chemical data for postglacial basalts from Iceland and along the Reykjanes Ridge are not con-
sistent with either mixing of magmas or simple mixing of an enriched ocean island source with a depleted ocean
ridge source. If the available analyses for basalts are representative of the source regions, the data are consistent
with at least two models neither of which can be properly tested with the available data.

(1) There are two separate mixing trends: one beneath Iceland with the alkali basalt source and a depleted Ice-
land source as end members; the second along the Reykjanes Ridge with a heterogeneous ocean ridge basalt source
and a source similar to that for intermediate basalts on Iceland as end members. The depleted Iceland source and the

depleted ocean ridge source are not the same.

(2) The chemistry of the basalts is not determined by mixing. Instead the basalts are derived from a multiplicity
of sources with a similar history which have been isolated for hundreds of millions of years.

1. Introduction

With the increased precision and facility of new
analytical methods, geochemists are becoming
increasingly concerned with evaluating the role of
mixing in the petrogenesis of suites of igneous rocks.
Mathematical equations describing the mixing process
have been developed by numerous authors [1-5]. In
most cases, these equations are not of a general
nature and are best suited to specific applications.

While there is no problem depicting mixing in ele-

ment versus element plots, some confusion exists con-

cerning what constitutes a mixing curve when a ratio
is plotted against an element or another ratio. This
paper presents the mixing equations for three possible
plots in a two-component system, i.e. ratio-ratio,
ratio-element, and element-element, and ways to test
for mixing and to place limits on the composition of
end members. Only the mixing of two components

will be considered here for illustrative purposes. The



n dimensions necessary to evaluate n end members
requires consideration of hyperbolic surfaces, vol-
umes, etc., of mixing.

2. The general mixing equation and its modifications

Vollmer {1, p.295] developed a mixing equation
for considering variations in the 37Sr/36Sr and 2°%Pb/
204p ratios found in alkali basalts from southern
Italy. This equation is generally applicable to plots of
both isotopic.and elemental ratios. It is a general mix-
ing equation for two components and is a hyperbola
of the form:

Ax +Bxy+Cy +D=0 1)

Symbols used are: x, y = general variables along the
abscissa and ordinate, respectively; x;, ¥; = coordin-
ates of data point i;2; = denominator of y; (g; = 1 if y
is an element); b; = denominator of x; (b; = 1 if x is
an element); A, B, C, D = coefficients of the general
variables x and y; and r = a ratio related to coefficient
B which reflects the extent of hyperbolic curvature of
a mixing curve.

The coefficients 4, B, C and D of equation (1) are
a function of the type of plot. A mixing curve for
each type of plot may be calculated through any two
typical data points which are well separated. End
member compositions are not necessary for calculat-
ing mixing curves. Indeed, constraints on the end
member compositions can be obtained from the data.

2.1. Ratio-ratio plots

When using ratio-ratio plots (e.g. K/Rb-Ba/Sr or
878r/86Sr-296Pb/29Pb) the coefficients of equation
(1) are from Vollmer [1].

A =ayb,y, — a1bayy
B =alb2 — a2b1
r=abyfasb, 2)
C= a2b1x1 — d1b2X2

D=aibyxsy, — azbix1y2

The mixing curve resulting from this equation is a
hyperbola whose curvature is controlled by the B
coefficient. The numerical value of 7 is a function of
the extent of the curvature between two points and

381

of the overall curvature of the hyperbolic curve. If

r =1, then the mixing curve is a straight line. If r # 1,
the sense of the hyperbolic curvature (concave up or
concave down) is dependent on the relative concen-
trations of 2 and b in the end members. Two possible
examples are given in Fig. 1. As  becomes progres-
sively greater than or less than 1, the hyperbolic form
of the function becomes more pronounced. To esti-
mate the curvature of a given set of data the value of
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Fig. 1. Plots of ratios of elements or isotopes, Q/a versus
P/b, for the mixing of end members 1 and 2. The numbers
along the curves are the values for » (see equation 2). Fig. la
and 1b show two different possible positions for end mem-
bers 1 and 2.
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r should be determined for samples as widely sep-

arated as possible.
The asymptotic nature of a curve can be used to

determine either a minimum or maximum value for
one of the ratios in each end member. No more than
two of the four end member ratios may be asymp-
totically constrained in any one plot. If a ratio is used
in more than one plot, however, it may be possible
to obtain both minimum and maximum values for
that ratio. The constraints on the actual values of the
end members depend on the extent of the hyperbolic
curvature: the greater the curvature, the more rigor-
ous the constraints. Of course, the intercept of any
curve as one ratio goes to zero places a minimum or
maximum value on the other ratio.

2.2. Ratio-element plots

When plotting an element along the ordinate and a
ratio along the abscissa (e.g. K/Rb vs. Sr), » = 1 and
the coefficients for equation (1) become:

A =a5y, — ayy,y

B=ay—a, b=1
3)

C=ax; — a1x, r=aja,

D=ayx;y; —ayx 1y,

This equation is also a hyperbolic function controlled
by the B coefficient. As in the ratio-ratio plots, a
straight line results if 7 = 1. Applying the same rea-
soning developed earlier, minimum or maximum val-
ues for the elemental concentrations or ratios of end
members may be specified by consideration of
asymptotes and intercepts on various plots.

2.3. Element-element plots

Mixing produces straight lines on element-element
plots. The coefficients for equation (1) are:

A=y, -y,
B:O a:b:l

4
C=x, -x, r=1 “)

D =XV, — X1V,

3. Guidelines for the use of mixing equations in igne-
.ous petrogenesis

For a suite of samples, the evaluation of mixing as
a geologic process may be complicated. In addition to
simple mechanical mixing, it may be necessary to
consider processes such as partial melting of mixed
sources, differentiation, contamination, or alteration.
All of these may obscure or destroy simple mixing
relations. As an aid to the rigorous application of a
mixing model, guidelines are given below outlining
some of the areas requiring special attention. In gen-
eral, to adequately test for mixing, a broad spectrum
of high-quality isotopic and elemental data on the
same samples must be available. Averages of data or
analyses combined from different samples are not
appropriate.

3.1. Appearance of data when plotted

On a ratio-ratio and ratio-element plot, data con-
sistent with mixing will lie along a hyperbolic curve
for both isotopic and elemental ratios. A linear rela-
tion occurs when the ratios of the concentrations of
the two denominators are the same for all data
points, i.e.» =1, or if the data lie along an asymptote.
In the latter case r may be significantly greater or less
than one. For 87Sr/3%Sr-8"Rb/%%Sr and 2°7Pb/?%*Pb-
206pp/294Ph, and 87Sr/2%Sr-1/8%Sr plots, the denomi-
nators (3¢Sr or 2°Pb) for both ratios are identical
and thus mixing produces straight lines.

3.2, Tests for mixing

If the data appear to be consistent with some mix-
ing model, mixing curves should be calculated for the
appropriate plots. A mixing curve can be calculated
using any two data points which are representative
and well separated.

All of the elemental and isotopic data for a suite
of samples must be consistent to substantiate mixing,
so all plots of appropriate elements and isotopes
should conform to mixing curves. Furthermore, the
individual samples should maintain the same relative
relationship to one another on all plots, because the
order of the data points is a function of the extent
of mixing which is the same regardless of the plot
used.



Even if the data lie near a mixing curve, the agree-
ment may be fortuitous and apply solely to the two
points chosen to calculate the curve. Since the overall
curvature of a mixing curve is dependent on the ratios
of the denominators of each end member, all inter-
mediate points should have the ratios of their denom-
inators proportionately. intermediate to the two end
member values. To test the consistency of the denom-
inator ratios, a companion plot may be constructed
by plotting one of the original ratios versus the ratio
of the denominators of the two original ratios. For
example, plots of P/a versus b/a, or Q/b versus a/b
are companion plots for the ratio-ratio plot P/a versus
Q/b. If the mixing curve on the original plot applies
to all the data, the data will plot as a straight line on
the companion plot. Then the mixing curves calcu-
lated from one pair of data points on the original
ratio-ratio or ratio-element plot will be the same as
the mixing curves from all other pairs of data points.
In many cases, companion plots (i.e. both axes have
~‘the same denominator) may be the best plots to use
to test for mixing, because on companion plots mix-
ing results in linear trends.

3.3. Constraints on end members

Once the validity of a mixing curve is established,
the best mixing hyperbola may be calculated by using
a least squares fit of the linear data on the companion
plot. While the shape of the mixing curve is optimized
by this procedure, its placement on the original plot
is not unique and must be fitted to the data. The
asymptotes and intercepts on the hyperbolic plots or
the intercepts on companion plots may then be used
to constrain end members.

3.4. Mixing of magmas versus mixing of sources

When mixing is involved, the difference in behav-
ior between slightly compatible and incompatible ele-
ments may allow a determination of whether mixing
occurred in the source before separation of magma
(mixing of sources) or between magmas after their
separation from their sources (mixing of magmas).
This distinction is possible because partial melting
and differentiation do not affect the ratios of incom-
patible elements. Therefore, ratio-ratio plots involving
exclusively incompatible elements should show mix-
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ing relations for both mixing of magmas and mixing
of sources. Partial melting and differentiation will off-
set the ratio of a slightly compatible element to an
incompatible element. Thus, if a ratio-ratio plot of
isotopes or incompatible elements shows a mixing
trend while one with a slightly compatible/incom-
patible ratio does not, mixing of sources rather than
mixing of magmas is suggested.

In a similar way, incompatible element-incompat-
ible element plots will show linear arrays for mixing
of magmas but not for mixing of sources because of
the effects of different degrees of partial melting and
differentiation. To test a ratio for mixing of sources
each of the elements should be normalized to a third
incompatible element. For examples, K/Ba-Rb/Ba is
a normalized ratio plot for K/Rb. Normalized ratio
plots should show linear data arrays both for mixing
of magmas and mixing of sources.

It must be stressed that a close correlation of cal-
culated mixing curves with data are permissive argu-
ments for geologic mixing. In themselves, these equa-
tions cannot prove the existence of mixing; they can
only verify or refute it as a possible process.

3.5. Mantle evolution versus recent mixing: applica-
tions of the mixing equation to isotope system-
atics

A problem with the interpretation of isotopic
data has been the impossibility of distinguishing
between mixing and evolution lines on conventional
isochron plots. Straight lines on isochron plots are
produced both by recent mixing of two sources and
by evolution through time of many sources which
had initially the same isotope ratio and different
parent/daughter ratios (closed system evolution).
This section presents a method for discriminating
between these two possibilities. The basis of the
method is that the shape of a data array on an isotope
ratio-isotope ratio plot with different denominators
on each axis depends on different element ratios for
closed system evolution and for mixing. Using the Nd
and Sr systems as an example, on a 37Sr/36Sr-143Nd/
144Nd plot the shape of a data array derived from
closed system evolution depends on the Sm/Nd and
Rb/Sr ratios, while the shape of a data array caused
by mixing depends on the Nd/Sr ratio, because this
ratio controls the B coefficient of the mixing equa-
tion.
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The first step is to examine the data on an isotope
ratio-isotope ratio plot (e.g. 87Sr/®6Sr-'*3Nd/*#*Nd).
Excessive scatter suggests that the systems developed
independently in heterogeneous sources. A tight fit
about a curve would suggest that the two systems
evolved together controlled by similar events or pro-
cesses. Two simple possibilities are: recent mixing of
two sources, and evolution through time of a mul-
tiplicity of sources which were originally homogene-
ous in their isotope ratios.

If there is a definite trend of the data on an iso-
tope ratio-isotope ratio plot, the parent/daughter
ratios for the isotope systems should be plotted
against one another (e.g. Rb/Sr-Sm/Nd). Excessive
scatter on this plot shows that recent processes prob-
ably have controlled the trace element distributions.
If the data have little scatter, they should be checked
to see if they, through time, could have given rise to
the isotope ratios, assuming an initially homogeneous
source. For example, a linear array on a 37Sr/8Sr-
143Nd/***Nd plot requires a linear array of fixed
slope (but not fixed location) on a Sm/Nd-Rb/Sr plot
irrespective of the time involved. This is true if the
ancient source was initially homogeneous in its iso-
tope ratios and if recent processes have not seriously
affected the parent/daughter ratio. Curved data
arrays are more complicated to treat quantitatively,
but the sense of curvature can be qualitatively
checked for agreement.

If the parent/daugher plot is consistent with the
isotopes, conventional isochron plots for each radio-
metric system should yield similar ages. Even if the
ages agree, the next step should be to calculate mix-
ing curves for both the isotope and parent/daughter
plots, and to make companion plots (e.g. Nd/Sr-
878r/®6Sr, Nd/St-Rb/Sr) to check the mixing curves,
since ancient mixing would yield data arrays con-
sistent with both the models of evolution of a multi-
plicity of sources and recent mixing of two sources.

In these ways, the data are checked for consis-
tency with closed system evolution and mixing mod-
els. If the data are consistent only with mixing then
the mixing end members have had independent his-
tories through two or more fractionation events. If
the data are consistent with both mixing and evolu-
tion, mixing may be ancient or recent. If the data are
consistent with evolution but not with mixing, then
the ancient formation of heterogeneous sources from

a former homogeneous source by a non-mixing pro-
cess is suggested.

4. Iceland and the Reykjanes Ridge

Mixing models have been proposed for basalt
petrogenesis along the ocean ridges around ocean
islands to account for the observed chemical varia-
tions [6]. Iceland and the Reykjanes Ridge have been
the site of the most intensive study [S—11]. At least
two sources are involved: a depleted source along the
ridge far from Iceland, and a relatively enriched
source beneath and near Iceland. The question is what
processes at what time(s) have controlled the chemis-
try of the intermediate samples. Schilling’s model [6]
is recent mixing of an enriched ocean island source
with a depleted ocean ridge source. O’Nions et al. [8]
suggest a multiple-source model with no mixing
where the heterogeneities in the basalts occurred dur-
ing fractionation events in the mantle greater than
200 m.y. ago. Hart and Schilling [9], O’Nions et al.
[8], and Schilling [12], have evaluated mixing of
magmas and conclude that it is too simple a model to
explain all the data.

Data from three different sets of samples from
postglacial basalts from Iceland and the Reykjanes
Ridge will be used to test the various models. Schil-
ling [6], Hart et al. [7] Sun et al. [5] and S.R. Hart
(unpublished data) have analyzed samples from the
Reykjanes Ridge and its extension onto Iceland for
Sr and Pb isotope ratios, K, Rb, Ba, Sr, Cs and rare
earth elements (REE). O’Nions et al. [8,11,19] have
analyzed other samples primarily from Iceland for
Sr and Nd isotope ratios, REE and Sr. Sun and Jahn
[10] have analyzed still other samples from Iceland
for Pb and Sr isotope ratios. Interlaboratory compari-
son of 87Sr/%6Sr data [7,10,13] shows the data of
O’Nions et al. [8,11] to be approximately 0.00011
higher on the same samples. For comparison pur-
poses the data of O’Nions et al. have been lowered by
0.00011. We will consider first the data of O’Nions et
al. [8,11,19], then the other data [5—7,10].

4.1. %78r/*5Sr-Ce/Yb: evidence against magma mixing
on Iceland

The ®7Sr/%°Sr and Ce/Yb data were plotted by
O’Nions et al. [8, p. 326] and are replotted here with
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a mixing curve added (Fig. 2a). Although the tholei- ing, it does not refute mixing of mantle sources prior
itic data appear to lie on a mixing curve, the compan- to final melting, because Yb is a slightly compatible
ion plot (Fig. 2b) shows enough scatter to suggest the element if any garnet, clinopyroxene or orthopyrox-
mixing curve is not valid. This plot demonstrates . ene remain in the residue.
that mixing of magmas is probably not an important '
process for the Iceland-Reykjanes Ridge tholeiites, 4.2. 878r/27Sr-La/Ce: evidence for source mixing on
and particularly for the alkali basalts since they plot Iceland
off the mixing curve. This agrees with the conclusion
of O’Nions et al. [8] who suggested that the alkali The 878r/%¢Sr-La/Ce plot (Fig. 3a), using data
basalts could not be involved in magma mixing. But, from O’Nions et al. [8], should test mixing of sources,
while the 7Sr/%°Sr-Ce/Yb plot refutes magma mix- because both La and Ce are incompatible. It shows a
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Fig. 2. (a) Plot of 87Sr/36Sr versus the chondrite-normalized Ce/Yb ratio for basalts from Iceland and along the Reykjanes Ridge
within and greater than 200 km from Iceland and a mixing curve. (b) Companion plot of 87Sr/36Sr versus weight Yb/86Sr ratio.
Data from O’Nions et al. [8,11]. The analytical uncertainty in 37Sr/36Sr at two sigma is reported to be about 0.00006 and in the
element ratios it is probably about 5%. On the companion plot, 87Sr/86Sr-Yb/36Sr, the scatter of the data is much greater than
the analytical uncertainty.
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Fig. 3. (a) Plot of 8781/865r versus La/Ce for basalts from Iceland
panion plot of 8781/868r versus Ce/86Sr. Data are from O
reported in Fig. 2. The Iceland data on the companion plo
samples from greater than two hundred kilometers from [

fairly good fit of the data to the mixing curve, The
companion plot (Fig. 3b) shows a good linear correla-
tion with the exception of the two samples from
greater than 200 km south along the Reykjanes
Ridge. The asymptotes and intercepts of the mixing

-+ 5 6 7 8 9

Ces®8sr

and along the Reykjanes Ridge with a mixing curve. (b) Com-
"Nions et al. {8]. The analytical uncertainties are the same as those

t lie within the analytical uncertainty of the mixing lines. The two
celand along the Reykjanes Ridge plot well off the line.

curves give a minimum 37Sr/®¢Sr ratio of 0.70270 for
the more depleted source and a maximum (La/Ce)
ratio of 1.28 for the enriched source. The basalts
further south along the Reykjanes Ridge have 87Sr/
868r ratios as low or lower than 0.70263 [7,14]



which is lower than the y intercept on the 87Sr/36Sr-
La/Ce plot. These plots suggest that if mixing of
sources is important for the Iceland. basalts, the Reyk-
janes Ridge basalt source greater than 200 km from
Iceland is not the depleted source component.

4.3. Evaluation of mixing along the Reykjanes Ridge

Although the O’Nions et al. data [8,11] suggest
that the source represented by the Reykjanes Ridge
samples greater than 200 km from Iceland probably
is not involved in the mixing taking place beneath Ice-
land itself, the Reykjanes Ridge samples collected
by Schilling do show trends on relevant plots which’
are compatible with mixing of a depleted ocean
ridge source with a source similar to an intermediate
source on Iceland represented by basalts on the
. extension of the Reykjanes Ridge onto the Reykjanes
peninsula.

Rb-Rb/K (Fig. 4ab). This plot should show a perfect
mixing relation only for mixing of magmas. Although
mixing of magmas is ruled out by element-clement
plots (see Hart and Schilling [9] and Schilling [12]
all samples lie fairly close to a mixing curve on both
the Rb-Rb/K plot and its companion plot (1/K-Rb/
.K). Melting and differentiation processes appear to be
causing a variation of about a factor of two in Rb
abundance for a given Rb/K ratio.

The generally good fit of the mixing curve could
be accounted for in at least two ways:

(1) If the tholeiites are generated by similar
extents of partial melting within a factor of two, then
a plot of the sources on a Rb-Rb/K plot would have
the same shape as the plot of the basait data. This
would be consistent with two-component mixing of
an alkali basaltike source with a depleted ocean
ridge basalt source.

(2) The extent of partial melting could be inversely

" correlated with the extent of source enrichment, i.e.
the least amount of melting is associated with the
most enriched, alkali basalt source, while the most
melting occurs in the most depleted source.

206pp/294pp.Rb/K (Fig. 5). Although the mixing line
in Fig. 5 follows the trend of the data, there is
enough scatter to suggest heterogeneity in the source
regions in addition to mixing. Unfortunately, com-
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Fig. 4. (a) Plot of Rb/K versus Rb for samples from the
Reykjanes Ridge and its extension onto Iceland and for alkali
basalts from Iceland with a mixing curve. Note that the plot
is semilogarithmic. (b) Companion plot of Rb/K versus 1/K.
Analytical uncertainties are +3%. All data are from S.R.

Hart (unpublished).

panion plots cannot be made because Pb abundance
data is lacking except for a few of the samples. In
general, plots of Pb isotopes versus the available trace
element data seem compatible with two-component
source mixing for the Reykjanes Ridge samples.
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Fig. 5. Plot of 206Pb/m“Pb versus Rb/K with a mixing curve

for samples from the Reykjanes Ridge and its extension onto

Iceland. 296Pb/204Ph data have an analytical uncertainty of

+0.1%. Data from Sun et al. [5] and S.R. Hart (unpublished).

878r/2¢Sr-Rb/K (Fig. 6). As pointed out by Hart and
Schilling [9] and Hart et al. [7], the 37Sr/3¢Sr data
do not follow a smooth trend down the Reykjanes
Ridge. Instead, they seem to be divided into two
groups with an irregular boundary between them
about 200--250 km down the ridge. Those beyond
200 km have 37Sr/2¢Sr ratios of 0.7026—0.7028,
while those within 200 km have ratios of 0.7029—
0.7031. While the samples with higher 37Sr/3¢Sr
ratios form a tight group, the samples with lower
878r/%4Sr ratios show more scatter, with a variation
of almost a factor of two in La/Sm, Rb/K, and Ba/K
for a given 87Sr/®Sr ratio. For a given trace element
ratio, 7Sr/85Sr varies from about 0.7027 to 0.7030.

Although the Sr isotope data appear less compat-
ible with mixing than the Pb isotopes, this may be
due in part to the small range in 87Sr/®®Sr observed
in the samples. The Pb and Sr isotopes and the trace
element data suggest that if mixing is occurring, the
ocean ridge end member, where most of the scatter
is observed, is heterogeneous, particularly in the Pb
and Sr isotopes.

70344
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@ icelond Tholelites °
TORE o <200Kkm Ridge Tholelites

o >200km Ridge Tholelites

003

Rb/K

Fig. 6. Plot of 87Sr/868r versus Rb/K for samples from the
Reykjanes Ridge and its extension onto Iceland and for
alkali basalts. The mixing curve was calculated using K/Sr =
4 for the lowest 87Sr/86Sr samples and K/Sr = 8 for samples
with 87Sr/86Sr = 0.70305. Data from Hart et al. [7] and S.R.
Hart (unpublished).

Could Reykjanes Ridge mixing include the most
enriched source on Iceland? On most plots, the data
from alkali basalts from Iceland are near the mixing
trends of the Reykjanes Ridge basalts. Exceptions are
plots of 87Sr/868r versus the Pb isotope ratios and Pb
isotope ratios versus 1/Pb. On the 87Sr/36Sr-206Pp/
204pp plot (Fig. 7), the mixing curve curves away
from the alkali basalts. The sense of curvature, how-
ever, depends on the Sr/Pb ratio of one sample from
far down the Reykjanes Ridge, and more Sr and Pb
data are needed.

On the 296Pb/2%4Pb-1/Pb plot (Fig. 8) the alkali
basalts have too high a 2°6Pb/2%4Pb ratio to fall on
the mixing curve for the Reykjanes Ridge and Reyk-
janes peninsula basalts. We can conclude that if Pb
and Sr are nearly incompatible during melting, the
alkali basalt source on Iceland does not contribute
significantly to mixing along the Reykjanes Ridge,
except insofar as it may contribute to the chemistry
of the Reykjanes peninsula end member.

4.4 Effects of processes other than mixing

The key assumption in these arguments is that we
can infer the chemistry of the source region through
the chemistry of the basalts. To evaluate this assump-
tion, the effects of plagioclase fractionation, residual
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Fig. 7. Plot of 87Sr/86Sr versus 2°6Pb/204pb. 878r/86Sr data
are from Hart et al. {7] and Sun and Jahn [10]. 206Pb/2%%py
data are from Sun et al. {5] and Sun and Jahn {10]. The
mixing curve was calculated using Sr data from S.R. Hart
(unpublished) and Pb data from Sun et al. [5]. Note that the
alkali basalts do not fall on the mixing curve calculated for
the tholeiites, all of which are from the Reykjanes Ridge
and its extension onto Iceland.

plagioclase and dynamic melting [15] must be con-
sidered.

A means of testing for plagioclase fractionation is
to compare the La/Sr ratios of samples with their iron
contents. As shown by Roeder and Emslie [16], oli-
vine and pyroxene fractionation have but a minor
effect on the iron content of the melt, while sig-
nificantly reducing the MgO contents. Plagioclase
fractionation, however, increases the FeO content sig-
pificantly. Based on FeO contents [17], Schilling’s
samples from greater than 200 km have experienced
less plagioclase fractionation than those from Iceland
and near Iceland. The plagioclase fractionation in the
less than 200 km samples may cause variations of a
factor of two in La/Sr, while that in the greater than
200 km samples should cause less than 50% variation.

Fig. 9 shows La/Sr plotted against 7Sr/®6Sr for
both sets of samples. The spread in the data for La/
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Fig. 8. Plot of 296pb/294pp versus 1/Pb. Data from Sun et al.
[5] and Sun and Jahn {10]. The alkali basalts do not fall on
the mixing curve through the Reykjanes Ridge tholeiites.

Sr from samples within 200 km of Iceland is a factor
of two to three. This spread probably can be
explained by plagioclase fractionation. The samples
from greater than 200 km have La/Sr ratios which
can be more than four times greater than the mixing
curve through the Iceland samples for a given 87Sr/
86Gr ratio, which is far outside the possible effect of
plagioclase fractionation. Plagioclase fractionation,
then, does not account for the critical variations
among the samples.

Variation in the degree of batch partial melting
also should not significantly affect the La/Sr ratio,
unless plagioclase is an important residual phase. If
there were about 15% plagioclase in the residue for
the basalts greater than 200 km from Iceland, and no
plagioclase in the residue for basalts within 200 km of
Iceland, this might explain the difference in La/Sr
ratios for the two sets of samples. However, 15%
plagioclase is a very large amount for residual mantle
compositions.

A third possible explanation could be as follows.
If the mantle is heterogeneous on a scale larger than
can be homogenized by diffusion, melting may occur
in the enriched portions of the mantle first. Then as
melting proceeds, more and more depleted portions
of the mantle contribute to the melt, producing a
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down the ridge do not fall on the mixing curve for the Iceland samples, and fall too far off the curve for the discrepancy to be
explained by plagioclase fractionation. Note that the plot is semilogarithmic, Data from Schilling [6], Hart et al. [7], O’Nions et

al. [8] and S.R. Hart (unpublished).

correlation between depletion in trace element and
isotope ratios [20]. In this model, segments of the
mantle are large enough to maintain their heterogene-
ities through time and during melting.

When combined with dynamic melting [15],
which can lead to basalts having trace element ratios
more depleted than their source, such a process could
lead to trace element ratios which have been depleted
relative to their original values in the source, and iso-
tope values which correlate with the trace elements
but which reflect the source. If such processes were
occurring beneath parts of Iceland and not beneath
the Reykjanes Ridge, this might explain the appear-
ance of two mixing trends.

4.5. Recent mixing versus long-term evolution

. We have shown that the data may be compatible
with two Separate mixing trends, but we have not yet
tested the model of O’Nions et al. [8]. They suggest
that the chemical variations around Iceland result
from multiple, long-term heterogeneities in the man-
tle, and that there has been no recent mixing.

The smooth trend of the data on isotope-isotope

plots is compatible with long term evolution of
heterogeneous sources which were initially close to
homogeneous. If a line is drawn through the data
from the Reykjanes Ridge samples on 2°6Pb/294Pp.
87Sr/%4Sr and 2°5Pb/2°*Pb-87Sr/2%8r plots, the slope.
of lines on 238U/2%4Pb-87Rb/%6Sr and 232Th/2%4Pb.-
87Rb/®4Sr plots which would give rise to the present-
day isotope distribution can be calculated, assuming
the ancient source had homogeneous isotope ratios.
The actual placement of the line on the parent/daugh-
ter plots depends on the time involved. The calcu-
lated slope for one of these plots is shown in Fig. 10
along with the data points for the four samples which
have been analyzed for all elements. The data are not
abundant enough to be certain, but do not rule out a
long-term heterogeneous source model.

The next stage in testing for evolution would be
to construct mixing curves for the various isotope-
isotope and parent-daughter plots. Unfortunately,
there are not enough parent and daughter concentra-
tion analyses to be definitive, but the mixing curves
on the Pb-Sr isotope plots do not appear to include
the alkali basalts from Iceland, which could be taken
as evidence for a heterogeneous source model.
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Fig. 10. Plot of 238U/204Pp versus 87Rb/6Sr, which is the
parent-daughter plot for the 206py/204py, 875+ /863; jsotope
plot. The line is not a mixing line; it has the slope which
would give rise to the present-day distribution of the data on
the isotope plot starting from a homogeneous source. While
the slope of the line is fixed, its placement is not and depends
on the time since the development of the heterogeneities.
Data from Sun et al. [S] and S.R.Hart (unpublished).

Enough data are available, however, to test iso-
chrons for the various isotope systems for the Reyk-
janes Ridge samples. Because plagioclase fractionation
increases the U/Pb, Th/Pb and Rb/Sr ratios, while
dynamic melting may increase Sm/Nd, a more accu-
rate isochron may be determined by selecting those
samples with minimum parent/daughter element
ratios for a given isotope ratio, as suggested by Sun
and Hanson [18]. Isochron plots for the three Pb
systems and the Nd and Sr system have a lot of scat-
ter but give ages of approximately 500 * 200 m.y.
According to Sun and Jahn [10], the 2°7Pb/2%¢Pb
age is 1500 £ 500 m.y., suggesting that the systems
may have been isolated some 1500 m.y. ago. The con-
sistently younger isochron ages may reflect a later
disturbance of the systems; they may reflect mixing;
or they may be fortuitous. The general similarity of
ages for the Reykjanes Ridge and Iceland samples is
suggestive of mantle heterogeneity established some
500 m.y. ago. Because the alkali basalts fall on some
other mixing curves, one might suggest that source
heterogeneity is a preferable model. However, if the
anomalous alkali basalt data on other plots could be
explained in some other way, the isochrons could be
interpreted as a result of recent mixing of sources
which have evolved separately for hundreds of mil-
lions of years.
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5. Conclusions

The available data from Iceland and the Reykjanes
Ridge are compatible with several possible models:

(1) The variations in the chemistry of the samples
result from two mixing series. The chemistry of the
Reykjanes Ridge samples reflects mixing between a
fairly homogeneous source feeding the Reykjanes
peninsula and the Reykjanes Ridge within 200 km of
Iceland, and a heterogeneous source represented by
normal ocean ridge basalts lying greater than 500 km
from Iceland. This mixing is distinct from the mixing
on Iceland, which is between an alkali basalt source
and a depleted source of different chemistry than
that of the ocean ridge basalts to the south of Ice-
land. The Reykjanes peninsula source is part of the
Iceland mixing trend so three component mixing may
be possibie. The end members of the mixing series
must have evolved separately for hundreds of millions
of years.

(2) The variations result from one mixing series,
which has an enriched source beneath Iceland and a

depleted source on the Reykjanes Ridge as end members.
In this model, the inconsistency of the Iceland data with

the data from the Reykjanes Ridge is due to recent
processes in the mantle. For example, dynamic melt-
ing of a heterogeneous source or residual plagioclase
may cause the appearance of two apparent mixing
trends, where there is in fact only one.

(3) The variations do not result from mixing, but
result from heterogeneities which were established in
the mantle hundreds of millions of years ago. Each
individual segment of mantle has evolved separately
to contribute to the present day basalts.
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