What can petrology tell us about
Archean tectonics?

Michael Brown, University of Maryland

nNGiven the |1 mmted rock record availl abl

preservation biases involved, it may simply not be possible to determine If

early Earth had plate tectonics ( Lenardic , 2018). Furthermore, Earth may have
evolved Into a plate tectonic regime sometime before sufficient evidence of Its
existence was retained in the global geological record. Thus, the geological
record Is only ever likely to provide a lower limit on the emergence of plate
tectoni cs on Earth. o

Brown and Johnson, 2019, Amer. Mineral.



The problem In a nutshell
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Given limited Archean crustal archive,
how should we proceed?

In a theory -/model -driven approach, e.g., plate tectonics (PT) as default
tectonic mode for the Archean, false positives may obscure novel

Interpretations, e.g., witoéophi oli tesdb, oOarcso, etoc.

A data-driven approach tests hypotheses,e.g., witoophi ol 1t es o0,
theory and models are used to explain results.

But data constrain models and models guide data collection and interpretation;
thus, data and models are not independent, and in following a data -driven
approach we must also be aware of possible bias.

More likely to achieve consensus If same protocols are followed to Interpret
data from Archean and post -Archean crust.



Caveats

x Plate tectonics (PT) is an active tectonic mode
(of global extent); it cools the mantle efficiently.

X PT requires subduction but subduction may
occur in sluggish - and episodic -lid tectonic
modes; evidence of subduction does not = PT.

x In the Archean, mantle T, higher and plumes
hotter; by how much Is uncertain.

x Hotter mantle increases melting and affects
tectonic mode.

X Evidence In Archean crust of magnetic field

requires core convection to drive the  geodynamo .

x |f PT operated through the Archean, mantle T,
and plate velocities become unrealistically high,
leading to rapid mantle cooling limiting core
convection.
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Mantle T, for primary magmas of non-arc basalts and mean
Tp for Circum-Superior Large Igneous Province (CSLIP)
basalts and low MgO komatiites (Herzberg et al., 2022, PR).

Urey ratio (Ur(0)) is internal heat generation divided by
surface heat flux.



Topics

U4 From an 1 gneous perspectil ve:
and 6arcso I n Archean cratoni

(Brown et al., 2024, JGS)?

U From a metamorphic perspective: Are eclogites key to
understanding Archean tectonics (  Brown et al., 2024, JGS,

2026, Geology)?

U A tectonic model based on petrology and discussion of
some consequences ( Brown et al., 2024, JGS, 2026, Geology).

C

y



The igneous perspective

x Contemporary magmatism linked to PT occurs at: divergent and convergent plate
boundaries; In collision zones (syn - and post -collision); and in pull -aparts along
transform plate boundaries.

x Common to identify PT analogous to today operating in the past by recognizing
pl ate boundary magmati sm (oophioli tesodo and

x Criteria used to fingerprint igneous rocks formed In contemporary settings may
not apply at higher mantle T;.

X Not just a question of recognizing products of potential plate boundary
magmatism but showing they can be distinguished from magmas generated In
non -PT settings likely dominated by mantle plumes.

’\

Are purported o6ophioli tes0 and
cratonic nuclel correctly recognized?



Methodology

with 7 decision points that Is
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Right. (a) Proterozoic
comparators.

(b) (e) Archean crust;
most do not satisfy the

first criterion of low
and constant Th/Nb,

mostly misinterpreted.

() Next slide.
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Only a small subset of purported ophiolites satisfies the
first criterion of low and constant Th/NDb.

To be considered oceanic crust, must also have
oceanic basement rather than highly attenuated
continental crust.

Superia :
Interpreted as oceanic tracts between separating

cratonic fragments; compositions plot like E. Greenland
margin continental Intraplate setting more likely.

Baltica :

Interpreted as oceanic plateaus; compositions plot
within the OcB array most convincing examples.

Kaapvaal .

Kromberg mafic 1 ultramafic sequence interpreted as
oceanic crust; Th/Nb higher than expected, attributed to
primordial (higher Th/Nb) mantle source, but unlikely as
older/younger volcanics have normal sources
continental intraplate setting more likely.

Archean oceanic crust?
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Right. (a) Proterozoic
comparators.

(b) (d) Archean crust,
recording multiple
processes.

(e) (f) Next 2 slides.
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Archean greenstone suites with likely active
subduction signatures have been interpreted
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Comparison with Phanerozoic examples shows
they resemble more closely continental arcs.
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Eoarchean: Active Subduction
or Non-uniformitarian Processes

Low -Ti basalts and boninites at Isua plot at

lower edge of the IAT segment of the VAB array ; 10
could have been boninites associated with

subduction initiation.

Upper unit at Nuvvuagittug has constant high
Th/NDb indicative of potential subduction but IS 1
more | 1 ke a acconti nental O

Th/YDb

In both cases data insufficient to confirm as
active or inherited subduction, or whether 01 -
non -uniformitarian processes were involved®.

Isua (3.8-3.7 Ga)
U-shaped @

QB L REE-depleted O

Nuvvuagittuq (3.8-3.7 Ga)

* Intense deformation, high-grade metamorphism, limited
outcrop and unclear geological context make decisions o
through the flow chart hard to apply; unsurprising that 0.01 - i : —
Interpretations are controversial. 0.1 1 Nb/Yb 10 100
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Palaeoproterozoic Ophiolites

u tCO e (oldest clear oceanic and OCT crust)
< ’ I I l 10 :
1. Prior to the Paleoproterozoic, b ased on geological o -

u = [ . - O
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2. Prior to the Paleoproterozoic, rarity of arc  -related
suites, including their plutonic equivalents with good
Amisk (ke preservation potential, suggests limited convergence
srree e and only short -lived/episodic subduction.
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The metamorphic perspective

X R e g I O n al m etam O rp h I C ro C kS a. Accretionary orogenesis - e ke

retain evidence of change in e g 1o
pressure ( P) and temperature ( T) = e S ib :
with time, providing a record of T e O\ g s
heatlng/COO“ng durlng b. Collisional orogenesis . 5
burial/exhumation.

convecting
mantle

800

x  The thermobaric ratio, T/P, at — NG paaa e
the metamorphic peak is a proxy S bt ot anderetc ol ozt | socue
. i 20 LM, P | Neo | Meso | o Péleo Szzﬂhﬁeso|Pa|eo| Eo |
for the thermal gradlent at which (A) Sketch of a continental arc with oceanic fnste Rl Gl cdions |
1 lithosphere (center) subducting beneath continental ® (e | oo |
a Sample equmbrated' lithosphere (right). Lower T/P metamorphic rocks ?;1.5 » L
(blue dots; notably blueschists and eclogites) form S | ]
x >900 metamorphic P -T-t data. within the subduction channel, whereas higher T/P O I
_ _ metamorphic rocks (pink dots; notably amphibolites “{2 1.0 ol @ :’
For data <850 Ma, T/P varies with and granulites) form in the orogen above. (B) 3 IL. i
- - - Sketch of a terminal collisional orogen, in which = Xy
tectonic Settmg’ SUb,dUCtIOn exhumed lower T/P metamorphic rocks occur in the 0.5 -
channel (T/P <500 K:/Gpa) VS suture (former subduction channel), and higher T/P A
. metamorphic rocks in the orogen and plateau. —
orogen (T/P >500 AC/GPa) (Modified from Weller et al., 2021, NREE). |
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>850 Ma peaks Iin bimodality migrate to higher  T/P,

lower T/P strand is lost as distribution becomes
unimodal, consistent with plumes.

What are the implications for Archean
tectonics?

Are eclogites key to understanding Archean
tectonics?
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x Landmark article in 1965* classified eclogites based on mode of

occurrence:
0 Inclusions In kimberlites, basalts, or as layers In ultramafic
rocks (Group A) hereafter xenolithic eclogites;
0 layers or lenses associated with migmatitic gneiss terrains
(Group B) or alpine -type metamorphic rocks (Group C) hereafter
orogenic eclogites.

x |In 1965 not much data; notwithstanding, has withstood the test
of time.

x  Simplicity compelling; fundamental to understanding the
tectonic evolution of Earth!

*Coleman, R. G,, Lee, D. E., Beatty, L. B., and Brannock, W. W., 1965, Eclogites and eclogites:
their differences and similarities, GSA Bulletin, 76, 483-508.
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Xenolithic eclogites

x All older than Mesoproterozoic.

x Oceanic crust from mantle roots of cratons
entrained Iin younger carbonated magmas.*

x Based on eclogitic Grt and Pxe inclusions
In Dia ( Stachel et al., 2022, RIMG),

o ambient T at time of entrainment (at 5
GPa) was ~950-1300°C,

o T attime of entrapment (at5 GPa) was
~1050-1450°C, consistent with cool
Paleoproterozoic/Archean geotherms.

X Formation of cratonic mantle roots
remains contentious; xenolithic eclogites
suggest late subduction -driven thickening.

*Group 1: Congo-Kasal, Kaapvaal, North Atlantic, Siberia and
Zimbabwe cratons; Group 2, Sask and Slave cratons, margin of
the Siberian craton (Aulbach and Smart, 2023, AREPS).



Orogenic eclogites

X Orogenic eclogites (210 of 898 localities)
mostly record T/P <500AC/GPa, consistent
with subduction

x All reliably dated orogenic eclogites
post -Archean.

X |s sample population representative?
Geological record biased towards the
recent past, could the absence of orogenic
eclogites in the Archean be due to
preservation and survivorship bias?
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If preserved, can orogenic eclogites survive erosion?

x Orogenic eclogites generally preserved In collisional sutures, likely survive deep
erosion that exposes mid -levels of young and old orogenic belts alike.

x Depth of erosion Iin cratons variable; if orogenic eclogites were formed and
preserved in the Archean, unlikely all would be lost to erosion.

e.d., Paleozoic CO is more deeply exposed than the Paleoproterozoic THO

B2l L2 S oSl - \ : — f _

— 1 THO \\i \”/,‘ '\,’] \’; r\:} \/ \ ) ¥ = —
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B = I
L = _ \\ .
S o W S
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CO = Caledonian orogen; GO/SNO = Grenville/Sveconorwegian orogen; HTO = Himalaya-Tibet orogen,
and THO = Trans-Hudson orogen (Weller et al., 2021, NREE)



Paleoproterozoic ( c. 1.9 Ga) orogenic

Can Orogenic eCIOgiteS SUFViVG eclogite ( Gridino Comple>_<, Belomorian;
overprinting during exhumation?  Yuetal, 2019, Lithos)

U Proposed that Archean eclogites do not survive
exhumation because they are overprinted beyond
recognition by (higher T) lower P mineral
assemblages or by partial melting (  e.g., Wang et al.,
2021, EPSL; Liu et al., 2023, JGR).

U Regardless of age and exhumation P-T path,
overprinted (or partially melted) eclogite Is
generally recognizable w @rt commonly less
affected than Om, and Om commonly replaced by
distinctive symplectite of Di+NaPlI.

U Rocks with similar symplectites In association
with Grt not observed In Archean cratonic nuclel.

Maps of 4, In clinopyroxene, where = (Na)M2



Metamorphism and
subduction

U Two step Increase In the proportion with T/P
<500°C/GPa, first in the early Paleoproterozoic
and second after the Tonian.

U Steps represent a change to colder thermal
gradients (stable subduction) and then to deeper
slab breakoft.

U Inconsistent with the exponential decay
expected from a standard survivorship model
(Gregor, 1970, Nature).

U Lack of orogenic eclogites and metamorphic
rocks with T/P <500°C/GPa In the Archean

consistent with absence of long -lived subduction.
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A tectonic model and some consequences

x Model based on divergence vs
convergence

x Extent of divergence determines the
amount of convergence

x Leads to different outcomes as Earth cools

Early Archean (>3.2 Ga)

0 Limited divergence (1 and 2) leads to
formation of rifts and OCTs

0 Subseguent convergence produces
fold -and-thrust belts or accretion via
underplating before terminal thickening

0 Does not produce plate tectonic indicators
(ophiolites, arc -rocks, orogenic eclogites)

Brown et al., 2024, JGS



