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Quantifying crustal thickness variations in evolving orogens:
Correlation between arc basalt composition and Moho depth

G.W. Mantle  School of Environmental and Life Sciences, University of Newcastle, Callaghan, New South Wales 2308, Australia
W.J. Collins  School of Earth and Environmental Sciences, James Cook University, Townsville, Queensland 4811, Australia

ABSTRACT

A compilation of geochemical data from >50 active volcanoes where seismically defined
Moho depth measurements are available, representing most volcanic arcs around the world,
indicates a relation exists between crustal thickness (Moho depth) and the trace element com-
position of basalts. The best correlation exists for maximum light/heavy rare earth element
(REE) ratios, and we use maximum Ce/Y (R? = 0.90) to show the exponential function with
increasing depth, to 50 km. Application to New Zealand, part of the eastern Gondwanan mar-
gin through much of the Phanerozoic, shows that higher Ce/Y ratios in arc basalts correspond
to two periods of recognized crustal thickening, plus an additional event at ca. 240 Ma, which
links New Zealand to the Gondwanide Orogeny. Conversely, low Ce/Y ratios in basalts cor-
relate with periods of recognized extension in eastern Gondwana. Very high Ce/Y ratios in
ca. 120 Ma rocks imply an unusually thickened (~50 km) arc crust, consistent with indepen-
dent geological estimates of crustal thickness at that time. The correlation shows that crustal
thickness variations during orogenesis can be conservatively estimated to within +3 km.
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INTRODUCTION

A consensus has emerged over the last decade
that arc magmatism is generated by decompres-
sion melting in the mantle wedge, augmented by
fluid and/or magma additions from the subduct-
ing slab (e.g., Pearce and Peate, 1995; Tatsumi
and Eggins, 1995). The slab contribution ele-
vates the large ion lithophile elements (LILE),
such as Ba, Rb, K, Sr, and Pb, whereas the
wedge contribution is dominated by compatible
high field strength elements (HFSE), such as Zr,
Ti, Hf, Y, and heavy rare earth elements (HREE).
This chemical ‘“decoupling” between LILE
and HFSE produces the characteristic, spiked
normal mid-oceanic ridge basalts (N-MORB),
normalized multi-element patterns of volcanic
arc basalts (Fig. 1) and forms the basis of the
consensus model.

A second-order observation is that the trace ele-
ment patterns steepen as the thickness of the arc
increases (Fig. 1A), particularly for the REE. This
is predictable according to the consensus model,
because the melt column continues to decom-
press (and melt) as it rises further beneath thinner
arcs. Accordingly, the HFSE pattern beneath thin
(oceanic) arcs should approach the flat “MORB-
like” patterns of ocean floor basalt, whereas
steeper “oceanic island basalt (OIB)-like” pat-
terns should develop under thick continental arcs
where the degree of wedge melting is lowest. This
is consistent with the findings of Plank and Lang-
muir (1988), who noted a correlation between
crustal thickness and major element composi-
tion of arc basalts. Because volcanic arcs are an
integral part of many orogenic systems, correla-
tions between arc basalt compositions and Moho
depth have the potential to provide a semiquanti-

tative estimate of how much an orogen thickens
(or thins) during contraction and extension.

We expand on the Plank and Langmuir
(1988) observation by examining the trace ele-
ment variation in active volcanic arc suites,
specifically where the Moho depth has been
independently defined through seismic refrac-
tion measurements. Over 50 volcanoes from
all major arc systems, representing >1100 basalt
analyses, were examined utilizing the Geochem-
istry of Rocks of the Oceans and Continents
(GEOROC) database and other published infor-
mation (GSA Data Repository Table DR1").
Use of X-ray fluorescence (XRF) or inductively
coupled plasma-mass spectrometry (ICPMS)
data does not significantly alter the results dis-
cussed below, nor does inclusion of phenocrys-
tic samples. Geochemical data were restricted to
rocks in the range 44 to 53 wt% SiOz, with MgO
values >4 wt% and LOI <4 wt%. Rocks from
the Aeolian arc were excluded, because they
form a distinctly different, silica-undersaturated,
K-rich (shoshonitic) group. All samples were
plotted on N-MORB normalized multi-element
diagrams (Sun and McDonough, 1989) to deter-
mine chemical coherency for each volcanic
suite, and anomalous patterns were excluded.

A GLOBAL CORRELATION

Most of the basalts are subalkaline, and most
lie in the low-K and medium-K fields (Gill, 1981).
The majority belong to calcalkaline suites, fol-

!GSA Data Repository item 2008019, Tables DR1

and DR2, is available online at www.geosociety.org/
pubs/ft2008.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA,
P.O. Box 9140, Boulder, CO 80301, USA.

lowing the original definition (Peacock, 1931).
Representative basalts from volcanoes with dif-
fering Moho depths show variable LILE abun-
dance, but HFSE and light rare earth element
(LREE) abundances systematically increase with
depth, evident as progressive steepening of the
multi-element patterns and increasing HFSE
content relative to Y (Figs. 1 and 2C). The hall-
mark positive Sr and negative Nb anomalies
of arc basalts are generally more subdued with
increasing Moho depth. Y (Fig. 2C) and the
HREE (Fig. 1A) show little variation with depth,
and almost all samples plot between 0.4 and
1.0 x N-MORB. This shows that the variation
relates to Ce enrichment, not Y depletion.

The steepening multi-element patterns of
Figure 1A indicate that the LREE/HREE ratios
within each suite increase with increasing
Moho depth, which is best illustrated as Ce/Y
(Fig. 2A). Y is used as a proxy for the HREE
because more data are available compared with
Yb, but a similar result is evident using La/Yb
(Fig. 2B). The most striking result is the limiting,
maximum ratio attained with increasing Moho
depth (Fig. 2D). Examination of Figure 2A also
shows that the curve is defined by maximum
Ce/Y for all the specified MgO content intervals
(Fig. 2D), including the most primitive basalts
(MgO >12 wt%). Excluding the maximum Ce/Y
ratios of Iwate, Towada, and Klyuchevskoy vol-
canoes (see below), which are clearly offset to
low values (Fig. 2D), the maximum Ce/Y ratio is
an exponential function (y = 0.3029¢"%55%) with
correlation coefficient of 0.90.

A 95% confidence band was calculated for
the exponential function using GraphPad Prism,
which is adapted from the generalized nonlinear
regression analysis of Cox and Ma (1995). The
band was defined by polynomials calculated as
a function of the confidence interval required.
Figure 2D shows the two derived equations
(y = 0.2352e%0956x and y = 0.3706e%%'2), which
in combination can be used to calculate error limits
at any Moho depth. For specific Moho depths,
the 95% confidence intervals are: 10 = 3.1 km,
20 + 1.8 km, 30 +0.9/-1.5 km, 40 +0.7/-0.9 km,
and 50 +1.3/~1.4 km. The calculations assume no
error in Moho depth, but where measured, seis-
mic refraction and reflection profiles generally
coincide within +2 or +3 km. Such errors slightly
increase the confidence band, and we consider
that +3 km is a conservative but more realistic
estimate of the 95% confidence limit, because
>90% of data points fall within this band.
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Figure 1. A: Normalized mid-oceanic ridge basalt (N-MORB) multi-element plots for represen-
tative modern volcanic basalt suites where Moho depths have been measured by seismic
refraction. Shaded region represents slab flux contribution. Steeper, smoother patterns with
increasing depth superficially resemble oceanic island basalt. B: Representative basaltic
suites from New Zealand have a similar spectrum of chemical variation as (A), which sug-

gests that Moho depths probably varied to a
Pacific orogenic systems.

Partial melting has a first-order effect on chang-
ing arc basalt composition (Plank and Langmuir,
1988), but because the maximum Ce/Y curve
is independent of MgO content (Fig. 2D), frac-
tionation and/or contamination at the Moho must
be involved. Crustal additions are not a major
influence because *’Sr/*Sr and '**Nd/'*Nd vari-
ations within and between arcs do not correlate
with Ce/Y ratios, nor with Moho depth (Data
Repository [see footnote 1]). A detailed explana-
tion of how these processes affect the composi-
tion of arc basalts, and petrological implications,
will be presented elsewhere.

Exclusion of Iwate, Towada, and Klyu-
chevskoy from the correlation curve (Fig. 2D)
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similar extent from the modern-day circum-

highlights the caution that needs to be taken
when assessing crustal thickness. The volcanoes
have tholeiitic fractionation trends, which are
largely produced by early removal of plagio-
clase relative to pyroxenes in anhydrous mag-
mas (e.g., Grove and Baker, 1984). Plagioclase
preferentially sequesters Ce, thus limiting Ce/Y
variation during fractionation. By contrast, water
in calc-alkaline arc magmas suppresses plagio-
clase crystallization (e.g., Sisson and Grove,
1993) allowing Ce/Y to increase to a limiting
value during open-system fractionation. Hence,
calc-alkaline volcanic suites should always be
used in preference to tholeiitic suites; the lat-
ter can be identified by marked Fe enrichment,
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Figure 2. Plots showing relationship of Ce/Y
with Moho depth in arc basalts, color coded
for MgO content. A: Complete Ce/Y variation
relative to MgO content, a proxy for degree of
fractionation. Red circles are the most primi-
tive magmas, least modified by fractionation.
B: Plot showing that a similar variation exists
with Moho depth for other light rare earth
elements (REE) (La) and heavy REE (Yb).
C: Zr/Y ratios show average increase with
Moho depth, although maximum values are
variable. D: Maximum Ce/Y value for each
volcanic suite, plotted as a function of Moho
depth. General seismic refraction error of
+3 km is shown. Exponential correlation
coefficient (R?) has volcanoes 1-4 omitted.
See text for details. Dashed lines show 95%
confidence band. 1—Iwate, 2—Towada,
3—Klyuchevskoy. 1 and 2 are from Hohshu
arc; 3 is from Kamchatka.
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