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Lucas Tatnell? ()] Michael Anenburg! ©/, and Robert Loucks?

'Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia, >Centre for Exploration
Targeting, School of Earth Sciences, University of Western Australia, Crawley, WA, Australia

Abstract Porphyry copper ore-forming intrusions are distinguished from barren arc magmas by high
oxidation state and “adakitic” high Sr/Y and La/Yb. Controversy over petrogenesis of adakites has centered on
ambiguities in interpretation of their steep rare earth element (REE) patterns, and on whether garnet participates
in their petrogenesis. Lambda (1) coefficients deconvolute subtle differences in REE pattern curvature,
providing a more quantitative method to explore mineral fractionation processes. Here, we use trace element
and numerical A coefficient modeling to assess the relative influence of amphibole, garnet, and plagioclase in
the petrogenesis of porphyry ore-forming intrusions. We find that garnet-fractionation trends are not evident

in REE patterns of many adakitic porphyry-forming intrusions. Instead, porphyry-forming intrusions in the
western Pacific and Eocene porphyry-forming intrusions in northern Chile have REE patterns consistent with a
garnet-free, amphibole-dominated cumulate. Traditional element ratios such at Dy/Dy*, La/Yby, and Dy, /Yby
are poor discriminants for garnet or amphibole fractionation.

Plain Language Summary Copper is a crucial metal for electrification and emission-free energy
generation. Copper is primarily sourced from active and extinct volcanic mountain chains. The minerals
forming in the root zones of these volcanoes are crucial for ore formation processes, but identification of

the exact minerals involved in these processes is still debated. We use a novel method of detecting small
variations in the chemical signature of the rare earth elements, combined with numerical modeling of mineral
crystallization to distinguish the participation of two minerals, garnet and amphibole. We show that amphibole
is ubiquitous whereas garnet only occurs in some deposits. Therefore, garnet fractionation is not necessary for
copper deposit formation as has been previously suggested.

1. Introduction

Empirical evidence for high oxidation state of porphyry-copper-deposit (PCD) generative arc magmas has been
noted and discussed for decades (Burnham & Ohmoto, 1980; Hutchinson & Dilles, 2019; Park et al., 2021).
These magmas typically record oxygen fugacity (fO,) values equal or greater than the Ni-NiO fO, buffer (Sun
et al., 2015). The importance of high oxidation state to copper metallogenic fertility is the 10- to 20-fold increase
in a silicate melt sulfur-carrying capacity as it rises into the predominance range of sulfate (Jugo et al., 2005; Park
et al., 2021; Richards, 2015; Xu et al., 2022).

The cause of relatively high oxidation states in arc magmas and especially PCD-forming arc magmas relative to
most other igneous suites is a topic of lively historic and continuing debate, as recently reviewed by Humphreys
et al. (2015), Cottrell et al. (2021), and Métrich (2021). Recently, Tang et al. (2020) and Lee and Tang (2020)
proposed that precipitation of cumulus garnet rich in the almandine component (“arclogites”) is crucial for magma
oxidation. As heavy rare earth elements (REE) partition strongly into garnet relative to Sr and the lighter REE,
garnet fractionation was suggested to cause relatively high St/Y, and La/Yb in PCD-forming magmas, a chemi-
cal signature commonly referred to as “adakitic.” Additionally, Tang et al. (2019) suggested that Fe>* partitions
into garnet preferentially to Fe3*, potentially leading to the high fO, recorded in these rocks, a claim disputed by
Holycross and Cottrell (2023). Recently, the link between garnet phenocrysts and PCD-forming dacitic intrusions
in Colombia were reported by Bissig et al. (2017). Nonetheless, indication that garnet cannot be a prerequisite
to all PCD-formation is given by its reduced stability in shallow crustal depths, where amphibole is the principal
fractionating mineral controlling REE patterns (Chiaradia, 2015; Park et al., 2021). Garnet-free cumulates are not
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Figure 1. (a) REE patterns constructed from averaging several analyses

of least-altered samples of primitive arc basalt (PAB) and PCD-forming
intrusions from three different provinces: Eocene Andes (EoAn), Neogene
Andes (NeAn) and Western Pacific (WePa). PCD REE patterns exhibit a
HREE spoon profile, which is not necessarily diagnostic for the fractionation
of amphibole or garnet, or their presence at source. (b) REE patterns in
successive pre-mineralization and mineralizing intrusions in the El Abra
igneous complex (Chile) reported by Ballard (2001). REE patterns rotate
clockwise with younger age and fluctuating SiO,. Eu/Eu* is strongly negative
in the oldest intrusions, progressing to weakly positive in the youngest

intrusions. Values are normalized using CI-chondrite values in O'Neill (2016).

REE radii are from Shannon (1976). See Supporting Information S1 (https://
doi.org/10.6084/m9.figshare.21431712) for a tabulation of plotted analyses
and literature sources.

restricted to PCD-forming magmas and have been observed or inferred in arc
magmas (Arculus & Smith, 1979; Greene et al., 2006; Tassara & Ague, 2022;
Zhou et al., 2020).

Interpretation of whole-rock REE patterns that result from fractionation of
garnet or amphibole is often inconclusive. For example, mean REE patterns
of three PCD provinces (EoAn: Eocene Andes, NeAn: Neogene Andes, and
WePa: Western Pacific) qualitatively exhibit a similar shape with LREE enrich-
ment and a typical characteristic “spoon” profile (Figure 1a). Quantitative ratios
such as La,/Yby, Dy,/Yby, Dy/Dy* and other REE ratios that are often used
to infer amphibole or garnet fractionation (e.g., Barber et al., 2021; Davidson
et al., 2007; Davidson et al., 2013; Tang et al., 2020) are not independent of the
ratios present in the melting source (Anenburg, 2020). Some of this chemical
signature might be inherited, complicating uncertainties regarding fractionating
minerals. Additional complexities might arise from fractionating plagioclase
owing to substantial differences in its REE partition coefficients and ability to
impart a Eu anomaly. These confounding issues might obscure true garnet and
amphibole fractionation signatures. Thus, potential benefit might be found in a
method to distinguish amphibole from garnet fractionation, which we develop
here using the lambda method, first introduced by O'Neill (2016).

1.1. Rare Earth Element Patterns

Lambda coefficients quantify polynomial characterization of CI-normalized REE
pattern shapes, allowing deconvolution of fine-scale curvature (Anenburg, 2020;
Anenburg & Williams, 2022; O'Neill, 2016). These coefficients can be combined
with traditional petrogenetic modeling based on mineral/melt partition coeftfi-
cients to derive “process vectors”: arrows in A-space plots that predict changes
in REE pattern shape during igneous petrological processes (¥ vectors of
O'NEeill, 2016). This is useful as it employs a full set of REE partition coefficients,
permitting accurate quantification of small curvature differences resulting from
fractionation of different minerals. Europium and Ce anomalies do not signif-
icantly affect lambda coefficients. The high resolving power of lambda coefti-
cients is particularly useful for determining magmatic process at PCD sources
because the ubiquitous high La/Yb ratio in PCDs, often explained by garnet
fractionation, is a non-unique solution, and fractionation of other minerals (nota-
bly amphibole) can lead to similar chemical signatures (Barber et al., 2021; Hao
etal., 2019; Lang & Titley, 1998; Nandedkar et al., 2016; Park et al., 2021; Stern
et al., 2011). The lambda method shows changes in curvature during petroge-
netic processes, independently of starting composition (O'Neill, 2016). Barber
et al. (2021) and Leong et al. (2023) successfully used lambda ()) coefficients to
infer amphibole or garnet bearing cumulates in PCD-forming intrusions.

2. REE Pattern Modeling
2.1. Model Design and Rationale

Here, we combine the A-coefficient method with petrogenetic modeling
(O'Neill, 2016) of magma bodies differentiating at 7 kbar and at 10 kbar.
We use published liquid line of descent (LLD) and trace element partition-
ing experiments to model three igneous processes: a single-cycle LLD,
cyclic recharge fractionation (R-F), and polybaric differentiation (PBD),
and compare these models with compiled data for WePa, EoAn and NeAn
PCD-forming intrusions (this compilation is available in the Supporting

Information S1, https://doi.org/10.6084/m9.figshare.21431712). These
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localities are in arc segments above subducting oceanic lithosphere that are geodynamically well characterized
and host relatively young (<40 Ma) PCDs.

PCD-forming intrusions commonly record evidence of multiple cycles of replenishment and crystallization prior
to ore-formation (Ballard, 2001; Rohrlach & Loucks, 2005). As a basis for the modeling strategy, we use obser-
vations from the late Eocene El Abra Cu—Mo PCD in northern Chile. This deposit is particularly informative
because its pre-ore to ore-forming intrusions faithfully record these multiple cycles (Correa et al., 2016; Rabbia
et al., 2017). The rocks exhibit the temporal evolution of the El Abra underlying magma chamber with replenish-
ments of a mafic, probably close to primitive, arc melt (Figure 1b). The replenishment and subsequent fraction-
ation results in a ramp up of H,O, the light REE, and other incompatible elements (Lee et al., 2014; Rohrlach &
Loucks, 2005). Increasing H,O concentration with successive replenishments is supported by the decreasing Eu/
Eu* with age at El Abra (Figure 1b), interpreted to be a result of cumulus plagioclase suppression in increasingly
hydrous melt crystallizing at lower-crustal pressures (Alonso-Perez et al., 2009; Loucks, 2021). Note that the lack
of cumulus plagioclase segregation does not preclude late plagioclase crystallization after garnet or amphibole in
response to cooling, decompression, and fluid exsolution during magma ascent (Dessimoz et al., 2011). Similar
cumulus plagioclase suppression can be seen elsewhere, for example, in Tampakan, Philippines (Rohrlach &
Loucks, 2005), and El Teniente, Chile (Stern et al., 2011). Early pre-ore intrusions at these deposits do, however,
have initially negative Euw/Eu* indicating plagioclase fractionation at an early stage. It is difficult to estimate when
segregation of cumulus plagioclase ceased. As such, four replenish—fractionation (R—F) models are provided:
two at 7 and 10 kbar with a plagioclase-free cumulate wherein the plagioclase component from the relevant
experiments (see below) is assumed to remain dissolved in the melt, and two models at 7 and 10 kbar wherein the
plagioclase component from the relevant experiments is considered as a fractionating mineral. This provides two
end members between which natural arc rocks formed by R—F processes should sit (i.e., between the expected
plagioclase-bearing standard LLD of arc calc-alkali basalt and plagioclase-free fractionation in very hydrous
melts).

Plagioclase-free modeling includes a 7 kbar model based on hydrous fractional crystallization experiments
by Nandedkar et al. (2014) and considers REE fractionation of dominantly amphibole with minor magnetite,
apatite, quartz and biotite. Additionally, a 10 kbar model based on hydrous fractional crystallization experiments
by Ulmer et al. (2018) considers REE fractionation of dominantly amphibole and garnet with minor ilmenite,
apatite and magnetite. The plagioclase component in experimental melts by Nandedkar et al. (2014) and Ulmer
et al. (2018) was assumed to remain in the melt, based on inferred plagioclase-suppression at El Abra (Figure 1b).
Two additional R-F models include late-crystallizing plagioclase as described in Nandedkar et al. (2014) and
Ulmer et al. (2018).

2.2. Model Development Using the Lambda Method

The models are plotted as process vectors in plots of 1, 1,, and 4, (Figure 2). As process vectors denote changes
in REE pattern shapes, they are independent of the starting position and can be translated without affecting
vector direction or magnitude. Here, we choose an average primitive arc basalt (PAB) position as the process
vector starting point. This composition is also used for replenishing melt composition in the R—F models. For the
LLD processes, we model the REE patterns of the melt based on the full experimental fractionation sequence as
given by Nandedkar et al. (2014) and Ulmer et al. (2018): from 1170°C to 700°C for the 7 kbar model, and from
1330°C to 720°C for the 10 kbar model. For the R—F models, we consider 10 steps of starting composition (PAB)
recharging the resident melt to ~900°C and fractionating to ~700°C for the 7 kbar model and 750°C for the
10 kbar model. This temperature range was determined based on the experiments in Nandedkar et al. (2014) that
reproduce the silica contents observed in the R-F cycles of El Abra (Figure 1b). Recharge amounts are about 15%
and 30% for the plagioclase-free 7 and 10 kbar models, respectively, and about 45% for both plagioclase-bearing
models. These recharge fractions are based on the amount crystallized in that range (i.e., assuming constant
magma chamber volume). Further details, modeling parameters, and R code to reproduce all models and figures
are available in the Supporting Information S1 (https://doi.org/10.6084/m9.figshare.21431712).

A possible scenario is one wherein magma differentiates at multiple pressures (PDB). First, at depth within the
stability field of garnet, followed by shallower differentiation where garnet no longer fractionates. We model a
plagioclase-free R—F system where the initial three cycles are modeled at 10 kbar and the remaining seven cycles
are modeled at 7 kbar (Figures 2a and 2b).

TATNELL ET AL.

30of 10

85U8017 SUOWWOD SAIERID 3(gedl|dde au Aq peulenob afe sapie O ‘8sn JO Sa|nJ 0} ARiq1 78Ul JUO AB]1M UO (SUORIPUOD-PLE-SW.SH W00 A8 |IM°ARe1q Ul |uo//Sdny) SUOnIpUD pue swie | 8u1ses *[£202/80/T0] Uo AfigiTauljuo AB|IM * nied 8URIYO0D - OIUBILLIES LINY Aq SZGEOT TOEZ02/620T 0T/10p/wioo A 1m Ariqipuljuosqndnfe//sdny wo. pepeojumoq ‘vt ‘€202 ‘L008776T


https://doi.org/10.6084/m9.figshare.21431712

Aru g
AUV
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2023GL103525

100

50

0%

o
A (plagioclase—free) 10kbar LLD | [ B (plagioclase—free) EoAn - MORB
7 kbar LLD NeAn PAB
—— 10 kbar R-F Lt A WePa % Fig 1 pats
—— 7 kbar R-F
—— PBD R-F

o
o
3t
A
o
St
& ELD
LLD !
(= - "
3[D (plagioclase—bearing)
*
* 13
%
R*F R=F of .o ¢ \ 4
uO_,_ X 0o $' 0y .
Fid*-R-F
o 3
St —Fady
. . i;
o *
o
=
T
o
o
S|
~N
30 750 0 50 700

A2

Figure 2. Lambda coefficient plots showing the REE pattern shape changes resulting from 10 cycles of replenish—fractionation (R-F) and REE pattern shape changes
over a single liquid line of descent (LLD) cycle, representing REE evolution from parental calc-alkalic basalt. Each R-F arrow represents one R—F cycle between ~900
and ~700°C. Each LLD arrow represents a 30°C cooling step from 1170°C to 700°C for the 7 kbar model and 1230°C to 750°C for the 10 kbar model. Panels (a) and
(c) show 7 and 10 kbar R—F and LLD models in 4,—4,. B and D show 7 and 10 kbar R-F and LLD models in 4,-4,. 4, measures linear slope, 1, measures quadratic
curvature, and 1, measures cubic curvature. For (a) and (b), all models have a plagioclase-free residue. Models have variable fractions of material erupted in each cycle
(expressed as percentages). For C and D, models have a plagioclase-bearing residue, and are overlayed on the plagioclase-free models for comparison (expressed as
pale vectors). For all panels, Eocene Andes (EoAn), Neogene Andes (NeAn) and Western Pacific (WePa) PCD compositions are plotted, primitive arc basaltic (PAB)
compositions are plotted as an approximate starting or replenishing composition, and MORB compositions are plotted as a reference frame (following O'Neill, 2016).
REE patterns from Figure 1b are plotted as red stars. Interested readers can experiment with the interactive apps at https://lambdar.rses.anu.edu.au/ to gain an intuitive
grasp of the lambda method and how these coefficients correspond to REE patterns (Anenburg, 2020; Anenburg & Williams, 2022; O'Neill, 2016).

3. Results and Discussion

3.1. Plagioclase-Free Differentiation

Neogene PCD-forming magmas in the Colombian and Chilean Andes (NeAn) have wide variability of REE

patterns (Figure 2), starting from an overlap with PAB, to higher 1, (greater LREE/HREE), greater A, range
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(increasing quadratic curvature of REE in both directions), and more negative 1, (increase of cubic curvature, or
spoon profile shape). These values are mostly consistent with the wide range of patterns accessible in the 10 kbar
models. Importantly, some low 4, values in the NeAn data set can be easily reached by 10 kbar fractionation from
typical PAB starting conditions but can only be reached by 7 kbar fractionation under improbable PAB starting
compositions. The modeling is not conclusive for NeAn rocks with high 4,, and these patterns can be generated
by both models (i.e., with garnet at 10 kbar and without at 7 kbar). The agreement with NeAn data and 10 kbar
modeling indicates that garnet-bearing pyroxenite cumulates (arclogites) are likely to exist underneath most of
these deposits.

Most Eocene PCD-forming magmas in the Andes (EoAn) and Neogene PCD-forming magmas from the Western
Pacific (WePa) agree with both the single-cycle LLD and R-F models at 7 kbar, which precludes garnet fraction-
ation. Some data are offset from the process vectors but shifting the vector origin to lower 4, within the PAB field
(i.e., source being less LREE-enriched and closer to MORB patterns) would resolve the discrepancy. These rocks
are very unlikely to form via 10 kbar differentiation, as garnet fractionation pushes melt composition to lower 4,,
the opposite of the EoAn and WePa trend. The only way for these rocks to form by garnet fractionation is shifting
the starting point outside the PAB field, into a non-existent extension of the enriched MORB trend. Therefore, we
suggest that garnet-bearing cumulates as residues from PCD-forming magmas in EoAn and WePa are unlikely.

WePa magmas have REE patterns generally more like PABs than their EoAn analogs. The proximity of WePa
data to the PAB starting composition could be explained by a higher eruption fraction than EoAn PCDs, or by
plagioclase in their cumulates (Figure 2). Additionally, compiled WePa data only reaches SiO, contents of ~70
wt%, compared with ~75 wt% in the Andes. While this could be a result of sampling bias, it is possibly a result of
less evolved PCD-forming magmas in WePa compared with Andean PCD-forming magmas. WePa data proxim-
ity to PAB starting composition could also be explained by differences in primary magma or less time to evolve
after orogenic release of entrapped magma due to relatively thin island-arc crust.

3.2. Effect of Plagioclase

Figures 2c and 2d show the effect of including cumulus plagioclase from the 7 kbar Nandedkar et al. (2014)
and 10 kbar Ulmer et al. (2018) experiments. Compared to the plagioclase-free modeling (Figures 2a and 2b),
its inclusion mostly leads to reduction in R—F process vector magnitudes. There is very little change in vector
direction and the effect of plagioclase on R-F vectors is not dissimilar to increasing erupted material fraction.
HREE are incompatible in plagioclase (Bédard, 2006b) so its inclusion in modeling leads to a reduction of the
bulk partition coefficient for the HREE. Additionally, LREE partition coefficients for plagioclase are greater than
HREE, (4, > 0) and they curve downward (i.e., a convex 4, > 0). This is opposite to partition coefficients for
garnet and amphibole, in which the HREE are more compatible (4, < 0) and consist of a concave upwards curve
(4, < 0) (Nandedkar et al., 2016). Therefore, inclusion of plagioclase partly negates the dominant trends imposed
by garnet and amphibole but cannot cancel them or change their direction. Plagioclase fractionation could be a
reason for more modest spread in the WePa PCD analyses compared to the EoAn rocks.

3.3. Polybaric Differentiation

Figures 2a and 2b shows the resulting vectors from the PBD model, where they follow the 10 kbar R-F model
(as expected) until the third cycle where they begin to curve toward the 7 kbar model. After 10 cycles the model
approaches the same final location as the 7 kbar model. The magnitude-reducing effects of plagioclase and erup-
tion fractions could cause such a polybaric system to be unresolvable from garnet-free systems. However, this
requires a high number of R-F cycles (10 in this case). Whether this number can be reached in a single magmatic
system is currently unknown. For instance, Rohrlach and Loucks (2005) record a total of only three R—F cycles in
zircons from Tampakan. Additionally, pre-ore to ore-forming intrusions are expected to progress along the R—F
lines, and no data from EoAn or WePa follows the PBD vectors. We therefore consider early garnet fractionation
followed by differentiation at a pressure sufficiently low to destabilize garnet unlikely in WePa and EoAn PCDs.

3.4. Garnet and Amphibole Fractionation Through Time

Our models show trends in lambda space that melt in a periodically replenished chamber should follow with
successive R—F cycles. Older intrusions that have experienced less R-F cycles should thus be more similar to the
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Figure 3. Plagioclase-free models replicated from Figure 2 overlayed on compiled pre-ore to ore-forming data from intrusions in the Eocene El Abra igneous complex
(a and b) and the Neogene El Teniente igneous complex (c and d). Data are colored grading from the youngest age to the oldest age (El Abra: 37.4-42.9 Ma, El

Teniente: 2.3-8.2 Ma).

initial composition than the younger intrusions. Figure 3 shows data from pre-ore to ore-forming intrusions at
the Eocene El Abra and the Neogene El Teniente with colors graduating from the oldest to youngest intrusions
related to those deposits. Additionally, El Abra REE patterns from Figure 1b are plotted in Figure 2 as red stars.
Data from El Abra (Figures 3a and 3b) are entirely consistent with the garnet-free 7 kbar differentiation model,
with older ages clustering toward PAB and younger ages further along the modeled trend. The trend at El Abra is
slightly off the modeled trend, so the starting composition is likely higher 1, and lower 4, compared to mean PAB,
around the most PAB-like point from El Abra. The high spread in the El Abra points indicates that eruption frac-
tions were minor and little plagioclase fractionated (as these would limit the spread, Figures 2c and 2d), consistent
with the gradual increase in Euw/Eu* (Figure 1b). Data from El Teniente is significantly more scattered than that
of El Abra. Older ages seem to cluster toward PAB, but younger ages are scattered and do not define a clear trend.
Regardless, the apparent clustering of older intrusions near PAB indicates that these intrusions did fractionate

TATNELL ET AL.

6 of 10

85U8017 SUOWWOD SAIERID 3(gedl|dde au Aq peulenob afe sapie O ‘8sn JO Sa|nJ 0} ARiq1 78Ul JUO AB]1M UO (SUORIPUOD-PLE-SW.SH W00 A8 |IM°ARe1q Ul |uo//Sdny) SUOnIpUD pue swie | 8u1ses *[£202/80/T0] Uo AfigiTauljuo AB|IM * nied 8URIYO0D - OIUBILLIES LINY Aq SZGEOT TOEZ02/620T 0T/10p/wioo A 1m Ariqipuljuosqndnfe//sdny wo. pepeojumoq ‘vt ‘€202 ‘L008776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2023GL103525

SHA
<[
ol
>0
Qof
>
o
©
o
10 kbar LLD
7 kbar LLD
—— 10 kbar R-F
7 kbar R-F
<| e MORB
e PAB
1 2 7
DyN/YbN
Q
<
~
>~
as
>
o
©
P
<
It
2 5 10 20 50 100 200
LaN/YbN

Figure 4. R-F models from Figure 2 using conventional REE element ratios.

(a) Evolution of Dy,/Yby and Dy/Dy* in R—F models. (b) Evolution of

La,/Yby and Dy/Dy* in R-F models.

at least some garnet to obtain lower 1, and higher 4,, allowing distinction
between garnet-bearing and garnet-free differentiation in R—F systems.

3.5. Causes for Data Scatter

We assume that measured rocks closely represent the melts from which they
formed, but individual outliers and overall scatter in the data can result from
occasional inclusion of cumulus phenocrysts in bulk rock analyses, or incor-
rect identification of rocks as PCD-forming magmas. Scatter and mismatch
between natural data and models can be explained by the choice of our
starting point which is merely one possible point out of many. The origin of
each process vector can be translated around within the PAB field such that
process vectors capture nearly the entire natural data range. Some scatter
in the NeAn compilation strays from PAB toward lower A, and higher 4,.
This might be attributed melting of garnet-bearing peridotite at source or
assimilation of garnet-bearing eclogite or garnet amphibolite in crustal roots.
However, primitive arc basalts compiled here (see Supporting Information
S1, https://doi.org/10.6084/m9.figshare.21431712) do not retain evidence for
melt segregation from garnet-peridotite (HREE depletion, high Sr/Y), so we
find this unlikely. Alternatively, high degree melting can exhaust garnet at
source, diluting these garnet signatures (e.g., Hiirlimann et al., 2016), but the
resolving power of the lambda method can detect subtle curvature differences
(via 4,) that indicate the former presence of garnet at source. Partial assim-
ilation of garnet-bearing lower crustal country rock is possible but requires
Sr- or Pb-isotope evidence to resolve.

3.6. Comparison With Element Ratios

Traditional element ratios are often used to distinguish various petrogenetic
processes. Davidson et al. (2013) examine the three ratios La,/Yby, Dy,/
Yb,, and Dy/Dy* together with modeling, and derive some general observa-
tions regarding translating these ratios in natural rocks into the fractionating
mineral identity. A commonly used ratio is Dy,/Yby, with a simple rule of
thumb of increasing ratios indicating garnet fractionation whereas decreas-
ing ratios indicating amphibole fractionation. Figure 4 shows our modeling
results plotted in terms of element ratios. The results are consistent with the
findings of Davidson et al. (2013), but only for simple LLD models, or for
the first cycle of a R—F model. For two cycles or more, we find that all three
ratios vary in the same direction. Dy/Dy* decreases regardless of differ-
entiation pressure. Additionally, Dy,/Yby transitions from a decreasing to
increasing trend after four to five cycles during amphibole fractionation and
stops changing after three to four cycles of garnet fractionation (Figure 4b).
Although the 10 and 7 kbar trends roughly follow the NeAn and WePa—EoAn

data, their trends are parallel and closer than the R—F trends observed in lambda space (Figure 2). Further-
more, the data shows greater overlap and confusing parallel trends in element space (Figure 4), whereas there is

much better separation in lambda-space (Figure 2). Given that a simple single cycle process is highly unlikely in
long-lived magma chambers (“immortal” magmas, Loucks, 2021; e.g., Maydagan et al., 2014; Vry et al., 2010),
we find that the use of lambda coefficients to track magmatic differentiation is superior to element ratios.

4. Conclusions

Our modeling indicates that garnet did not contribute to the formation of the EoAn and WePa PCDs, and

garnet-bearing cumulates are unlikely to exist in their roots. Instead, we find that the principal mineral

controlling REE pattern evolution in these rocks is amphibole. On the other hand, garnet most likely partici-
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pated in the magmatic differentiation process that led to the formation of the NeAn rocks. Since all provinces
contain PCDs, we conclude that garnet fractionation is not a prerequisite for PCD formation, consistent with
the results of Holycross and Cottrell (2023) and Barber et al. (2021). Given that oxidized conditions are gener-
ally accepted as required for economic Cu mineralization, garnet fractionation is not an important oxidative
process.

We show that inferring REE pattern trends in arc rock suites is better facilitated using lambda shape coefficients.
Although element ratios are useful for simple single-cycle magmatic differentiation, they are non-unique and not
suitable for realistic scenarios involving several cycles of magmatic recharge and fractionation.

Data Availability Statement

Data compilation of PCD geochemistry, modeling details, and code written in the R language that produces
the modeling and the figures in this paper are available at the figshare data repository: https://doi.org/10.6084/
m9.figshare.21431712.
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