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Arc magmatism drives the production of modern continental crust. However, the mode of 
crustal differentiation in the geologic past, particularly in the Archean, remains controver-
sial. Herein I adopt a compositional approach to interrogate a global, igneous geochemical 
database (EarthChem Library) and document the evolving compositional history of basalt, 
andesite, and rhyolite, which represent the three main crustal building blocks. Basalt and 
andesite yield synced geochemical trends and progressively incompatible element-rich and 
compatible element-poor compositions that are consistent with extensive partial mantle-
melting during the Archean. Post-Archean basaltic to andesitic rocks also tend to be more 
alkaline in character, which coupled with their high field-strength- and large-ion litho-
phile-element signature, points to the increased influence of Phanerozoic-style intra-plate 
magmatism on the global, rock record. Coeval rhyolitic rocks are depleted in these same 
elements, suggesting that post-Archean felsic magmas track the evolving compositions of 
their basaltic to andesitic source, which are, in turn, controlled by the partial melting trend. 
These complementary, or symmetric, geochemical trends between rock types shifted during 
the Proterozoic and heralded the onset of modern compositional relationships between 
crustal building blocks.
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Introduction

Igneous rocks are the main building blocks of the continental crust and represent 
a long-lived and accessible record of Earth’s dynamic geochemical landscape. 
New continental crust, generated today at convergent and intra-plate settings, 
is predominately basaltic and thus contrasts with the andesitic composition of 
the bulk continental crust (Rudnick, 1995; Taylor and McLennan, 1995). This 
apparent disconnect points to a two-stage, igneous-driven process whereby 
relatively primitive basaltic magmas are extracted from the mantle and are 
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further differentiated, by re-melting, fractional crystallisation and/or mixing to 
produce the wide range of igneous rock compositions that are exposed at surface 
(Hawkesworth and Kemp, 2006). The compositional symmetry between the 
evolved continental crust and the relatively depleted mantle is well documented 
and helps to define our unique place in the solar system (Allègre, 1997; Taylor 
and McLennan, 2009).

Despite isotopic evidence that suggests the Archean depleted mantle source 
(at least by 3.8 Ga) was likely similar to today (Vervoort and Blichert-Toft, 1999), 
the mechanisms driving the production and composition of the continental 
crust in the geologic past are less understood (Bédard et al., 2013). Andesitic 
rocks are central to this debate because they represent the signature rock type 
at many young arcs and their occurrence in the Precambrian rock record is a key 
piece of evidence for tracing modern tectonic processes back into the geologic 
past. Whether these ancient intermediate rock compositions represent primary 
mantle melts, mixing between differentiated basaltic and rhyolitic melts and/or 
are crystal fractionation products of basaltic magmas, however, remains contro-
versial (Reubi and Blundy, 2009; Lee and Bachmann, 2014).

Herein the shifting compositional relationships between the three main 
igneous rock types (i.e. basalt, andesite, and rhyolite) map the major geochemical 
changes that have shaped the continental crust through Earth’s history. The focus 
is on estimating the geochemical centre, or central tendency, for each element 
and rock type through time (Aitchison, 1986; Egozcue et al., 2003). This approach 
is thus distinct from, but complementary to, most previous studies on smaller, 
well-characterised sample sets that tend to emphasise geochemically anomalous 
sample sub-sets and/or focus on more specific rock sub-types (e.g., calc-alkaline 
versus tholeiitic basalts).

Compositional Data Analysis

Geochemical data, like other forms of compositional data, sum to constant (i.e. 
closed data) and convey only relative information (Aitchison, 1986). Log-ratios 
have emerged as one of the preferred approaches for treating such compositional 
datasets ( Egozcue et al., 2003), however, these alternative data treatments can be 
difficult to interpret in the conventional way, which has limited the application 
of log-ratio analysis to petrologic problems. Herein log-ratios are based on the 
order of element compatibility during mantle melting to facilitate their petrologic 
interpretation. Elements were also grouped to further simplify log-ratio analysis 
and to summarise temporal trends. This particular form of log-ratio analysis 
is thus comparable to the usual approach of linking petrogenetic processes to 
patterns on multi-element diagrams, or so-called spider plots. Slope changes on 
these classic diagrams, which can be further reduced to ratios (or log-ratios in 
this case) between elements of contrasting compatibility (incompatible versus 
compatible elements), reflect igneous differentiation processes such as the degree 
of partial melting and/or fractional crystallisation (Pearce, 2008). However, in 
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comparison to interpretations based on raw element concentrations, log-ratios 
reflect the actual relationships between element groups rather than the spurious 
effects related to the closed nature of compositional data (Egozcue et al., 2003).

Data Processing

The full methodological approach is described in the Supplementary Informa-
tion. Data processing and figures can also be reproduced using the free, open 
source R software environment (R Core Team, 2015) and code available from the 
corresponding author. Geochemical data and age data were compiled from the 
EarthChem library (Fig. S-1). This global geochemical database contains a rela-
tively large number of missing values for some elements. Most previous studies 
exclude these missing values and consider only the so-called complete cases; 
however, the consequences of this default option are rarely, if ever, discussed. 
Log-ratio analysis requires complete datasets and thus, in this case, missing 
values for elements with minor to moderate degrees of missingness (typically 
10–30 % missing) were replaced using column-wise multivariate imputation by 
chained equations (van Buuren and Groothuis-Oudshoorn, 2011). The impact 
of the selected imputation method is evaluated in the Supplementary Methods 
(Figs. S-2 and S-3).

Precambrian samples (≥541 Ma; n = 66,739) were then discretised into 
basaltic, andesitic and rhyolitic compositions based on the Total Alkali Silica 
(Le Bas et al., 1986) and Pearce (Pearce, 1996) classification diagrams (Figs. S-4 
and S-5). This classification approach uses mobile- and least-mobile elements 
to reject metasomatised samples, a particularly important step for Precambrian 
metamorphosed igneous rocks. The remaining igneous samples (n = 18,246) were 
then split into age groups based on a K-means clustering approach. Weighted 
bootstrap re-sampling of the data (weighted inversely to age) was used to mini-
mise the effect of unevenly distributed crystallisation ages (Fig. S-6), which are 
inherent to the punctuated, igneous rock record (Keller and Schoene, 2012). 
Log-ratios were then calculated from the re-sampled dataset and are presented 
in Figures 1 and 2.

Results and Discussion

Isometric log-ratios (ilr-1–8) represent the preferred approach for compositional 
datasets (Egozcue et al., 2003) and, as defined herein, divide the classic spider 
diagram into a series of non-overlapping segments (Fig. 1). The first log-ratio (ilr-1) 
represents the overall proportion of incompatible versus compatible elements 
(Fig. 1a), whereas the remaining ilrs split the mildly incompatible to compat-
ible (ilr-2–4) and incompatible (ilr-5–8) element portions of the spider diagram 
into successively smaller segments (Fig. 1a). These smaller segments reflect key 
petrogenetic indicators such as large ion lithophile element (LILE)- and high 

field strength element (HFSE)-enrichment (ilr-6 and ilr-7, respectively), and can 
also be constructed to reproduce commonly used ratios, such as Sm/Yb, which 
monitor the influence of key mineral phases (e.g., garnet) during melting (ilr-8; 
Pearce, 2008).

Basalt and andesite yield negative sloping log-ratios (ilr-1; Fig.1b), suggesting 
that these rock types have become increasingly incompatible-element-rich and 
compatible-element-poor since the Archean. Temporal trends between basaltic 
and rhyolitic rock types are broadly parallel and yield steadily increasing incom-
patible versus compatible element log-ratios (ilr-1–8) despite grouping disparate 
basaltic and andesitic rock sub-types (Fig. 1). On a conventional spider diagram, 
systematic incompatible element enrichment would correspond to steepening 
multi-element profiles through time (Fig. 1a). This well-documented pattern is 
consistent with extensive partial mantle-melting in the geologic past and was 
possibly driven by hotter, Archean mantle temperatures (Herzberg et al., 2010; 
Keller and Schoene, 2012).

These element trends can alternatively be presented as shifting mineral-
ogic controls and physical rock properties, such as rock density (Fig. S-9). Modal 
mineralogy, as inferred from CIPW norms calculated using raw, major-element 
concentrations (Fig. S-9), also suggest that larger mantle-melt fractions during 
the Archean may have locally exhausted clinopyroxene and fused more refrac-
tory mantle minerals such as orthopyroxene and olivine. These evolving rock 
properties and estimated modal mineral abundances are thus consistent with 
decreasing mantle-melt fractions demonstrated by the systematic increase in 
incompatible versus compatible element log-ratios (Fig. 1), but are based on raw, 
major-element concentrations.

However, geochemical trends between rock types are only approximately 
parallel (Figs. 1 and 2). For some element groups (ilr-1–2), basalt and andesite 
yield diverging, but synced log-ratio patterns during the Archean, suggesting 
that andesitic rock compositions are more similar to basalt today than they were 
in the geologic past (Figs. 1 and 2; n.b., except perhaps for the Mesoarchean). 
Modern andesitic rocks are often interpreted as hybrid melts, produced during 
mixing of approximately equal proportions of basalt and rhyolite, presumably in 
upper crustal reservoirs (Rudnick, 1995). These mixing models are based, in part, 
on the bi-modal SiO2 distribution of melt inclusions and rock textures that record 
disequilibrium conditions between crystals and melt (Reubi and Blundy, 2009). 
Hybridised melt models can reproduce many of the key geochemical features of 
some Archean andesitic rock suites (Bédard et al., 2013), however, binary mixing 
between basaltic and rhyolitic rocks are inconsistent with the curved, crystal 
fraction trends for the multiple time slices presented in Figure 3.
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Figure 1  (a) Schematic spider diagram plotting the composition of the continental crust, 
normalised to primitive mantle, in relation to isometric-log-ratios (ilr). Numerators and 
denominators for each ilr-balance are denoted by plus and minus signs, respectively. Each ilr 
represents a ratio between elements with contrasting compatibility during mantle melting. 
(b) Geochemical evolution of basalt, andesite, and rhyolite rocks based on ilr. Aggregated 
log-ratio means and loess-curves are colour coded to rock type. Vertical, grey lines represent 
the Archean-Palaeoproterozoic boundary (2.7–2.2 Ga; Condie and O’Neill, 2010). Basaltic and 
andesitic rocks have become incompatible element-rich through time resulting in a negatively 
sloping ilr-1. Rhyolitic rocks have also become incompatible element-rich (ilr-1), but to a lesser 
extent and, for some log-ratios (ilr-5–8), yield contrasting trends (positive slopes) that may 
track the evolving composition of their basaltic to andesitic source. Horizontal lines represent 
mantle (M; Palme and O’Neill, 2014) and crustal compositions (LW = lower crust; BC = bulk 
continental crust; Rudnick and Gao, 2003) and are shown for reference. Abbreviations: LILE = 

large ion lithophile (K, Na, Ba, Sr, Rb, Pb, Cs), LREE = light rare earth element (La, Ce, Pr, Nd); 
HFSE = high field strength elements (Ti, P, Zr, Hf, Nb, Ta, U, Th); MREE = middle rare earth ele-
ment (Sm, Eu, Gd); HREE = heavy rare earth element (Tb, Dy, Ho, Er, Yb, Lu, Y); MFE = mantle 
forming elements (Cr, Ni, Co, Ga, Sc, V).

Figure 2  Geochemical evolution of basalt, andesite and rhyolite on an element-by-element 
basis following a centred log-ratio (clr) approach (Aitchison, 1986). Vertical, grey lines represent 
the Archean-Palaeoproterozoic boundary (2.7–2.2 Ga; Condie and O’Neill, 2010). Horizontal lines 
represent mantle (M; Palme and O’Neill, 2014) and crustal compositions (LW = lower crust; BC 
= bulk continental crust; Rudnick and Gao, 2003) and are shown for reference. This log-ratio 
transformation preserves a one-to-one relationship with the original variables, but adding or 
removing variables changes the absolute value of each clr (see Supplementary Information). 
Isometric log-ratios (Fig. 1) are not restricted by this constraint and represent the preferred 
approach for compositional data analysis (Egozcue et al., 2003).
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Figure 3  Harker diagrams based on the geometric mean of raw SiO2 concentrations. Individual 
curves are colour coded to age and represent globally averaged, liquid lines of descent for 
each time slice. Vertical lines represent the inter-quartile range for each rock type. Vertical 
grey boxes represent the inter-quartile range for each element at any given SiO2 bucket. 
Overall, ancient crystal fractionation for compatible elements are displaced to lower values 
at any given SiO2 bucket, consistent with the partial mantle-melt trend based on log-ratios.

Inflexions on these diagrams likely reflect some crystallising mineral phase 
akin to classic liquid lines of descent (Fig. 3). However, in this case, crystal frac-
tional curves represent globally averaged melting conditions rather than the 
evolution of a single, co-genetic magma suite (Keller and Schoene, 2012; Keller et 
al., 2015). Compatible elements yield concave-down patterns, which for younger 
time slices are displaced to lower values at any given SiO2 concentration (Fig. 3). 
These displaced curves support the partial melting trends described above (Keller 
and Schoene, 2012), but critically, are preserved despite the large range of rock 
compositions at any given SiO2 interval.

Archean rocks with intermediate compositions are relatively rare and, 
where present, occur as thin layers intercalated with tholeiitic basaltic flows 
(Furnes et al., 2013). These apparent stratigraphic relationships, along with the 
synced geochemical evolution and curved fractionation trends, tend to suggest 
that ancient, intermediate rocks represent the fractionated melt products of coeval 
basaltic magmas. Mixing, or assimilation, with older rocks as is often demon-
strated by relatively more sensitive contamination proxies, such as radiogenic 
isotopes and/or inherited zircon (Allègre and Othman, 1980; Hildreth and Moor-
bath, 1988), must have also occurred, but did not significantly disrupt the coupled, 
geochemical evolution of andesite to its parental basalt at any given age interval.

Archean rhyolitic rock compositions, such as the tonalite-trondhjemite-
granodiorite (TTG) suite, are also geochemically distinct and, along with lesser 
basaltic rocks that define narrow, coeval greenstone belts, represent the dominant 
rock types prior to the Palaeoproterozoic (Furnes et al., 2013). The fractionated 

heavy rare earth element (HREE) TTG signature has been the focus of numerous 
previous studies and likely reflects a garnet (± hornblende) residue during partial 
melting of hydrous basaltic rocks that were unlike those at modern, mid-ocean 
ridges (Bédard, 2006; Martin et al., 2014). This unusual trace element behaviour 
is evident in the current compilation by the anomalous compositions of Meso- 
to Neoarchean rhyolite (ilr-5, -7, -8; Fig. 1). The data underscore the distinct 
melting conditions responsible for the TTG suite and their obvious impact on 
bulk, rhyolitic rock chemistry during the Archean.

Post-Archean rocks show a major, composition shift between large-ion 
lithophile element (LILE)-, high field strength element (HFSE)- and light rare 
earth element (LREE)-enrichment (Fig. 1; ilr-6–8) in basaltic-andesitic and a 
corresponding depletion of these elements in similarly-aged rhyolitic magmas. 
The patterns are clearly defined on an element-by-element basis using log-
ratios (Fig. 2), multivariate projections (Figs. S-7 and S-8), and with raw element 
concentrations (Fig. 3). Post-Archean rocks also tend to be more alkaline in 
character (Fig. S-5), which coupled with their HFSE- and LILE-rich signature, 
points to the increasing importance and/or preservation of Phanerozoic-style 
intra-plate volcanism across the Archean-Proterozoic boundary (2.7–2.2 Ga; 
Condie and O’Neill, 2010). The extent to which this signal is influenced by 
the fragmented, Precambrian rock record, however, is difficult to assess and 
requires further study (Hawkesworth and Kemp, 2006). Nevertheless, this trace 
element signature (Fig. 1; ilr-6–7) forms the basis for most tectonic discrimination 
diagrams and is distinct from modern, basaltic arc-magmas, which along with 
rocks comprising many Archean greenstone belts, are generally depleted in HFSE 
(Pearce, 2008). The corresponding HFSE-, LILE- and LREE-poor composition 
of post-Archean rhyolite seems to suggest that these more differentiated rocks 
track the evolving composition of their basaltic to andesitic source. As a result, 
the diverging geochemical patterns of rhyolitic versus basaltic-andesite rocks 
during the Proterozoic may also reflect, at least in part, the decreasing partial 
melting trend described above and represent a key geochemical feature of the 
global, igneous rock record. The Archean-Proterozoic boundary thus represents 
an important period of Earth’s history that coincided with these modern compo-
sitional relationships between crustal building blocks (Figs. 1 and 2).

In summary, statistical analysis of global, igneous rock chemistry docu-
ment the shared geochemical history of basalt, andesite and rhyolite that is synced 
with decreasing, partial-melting through time (Fig. 1). Diverging, element trends 
emphasise atypical petrogenetic processes that operated during specific periods 
of Earth’s history such as: (1) HFSE-rich (ilr-7; Fig. 1) and HREE-poor Archean 
rhyolitic magmas (i.e. TTG suite; ilr-8; Fig. 1); (2) fractionated Archean andesitic 
compositions (Figs. 1, 2 and 3); and (3) a major shift towards LREE-, LILE- and 
HFSE-rich basalt-andesite and corresponding depletion of these elements within 
coeval rhyolite during the Proterozoic (Figs. 1, 2 and 3). Log-ratios (Egozcue et al., 
2003), informed by element behaviour during mantle melting (Fig. 1a), represent 
a rigorous framework for investigating closed, geochemical data. Future studies 
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will benefit from the addition of high-quality geochemical and geochronologic 
datasets to the EarthChem Library, particularly for intermediate rock composi-
tions during poorly-represented, but significant periods of Earth’s history such as 
the Archean-Proterozoic and Neoproterozoic-Cambrian boundaries.
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