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Abstract: Magnetic susceptibility is widely applied in geology, but its use in the study of metamorphic rocks
has been limited due to the complex nature of metamorphism. In this study, analyzing a partially retrogressed
mafic enclave within Archean TTG gneiss from the Jiaobei Terrane, North China craton, we incorporate magnetic
susceptibility with conventional metamorphic (petrographic and major element) proxies in order to investigate
profiles of metamorphic retrogression. The magnetic susceptibility results show more complete retrogression
in the direction parallel to the tectonic fabric and partial retrogression perpendicular to it. This geophysical
observation, which is broadly consistent with the petrological observations and P-T estimates, suggests that the
availability of fluids and perhaps even non-lithostatic pressure play roles in the preservation of such differential
retrogression. This study thus introduces magnetic susceptibility as a novel proxy in this context, revealing its
utility in rapidly and quantitatively identifying variable retrogression gradients consistent with, but with more
precision than, measured metamorphic pressures.
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1. Introduction

Magnetic susceptibility, a commonly studied mag-
netic physical property, is highly valued by geologists
due to its broad application and significant research
implications. It is extensively applied in fields such as
petrology, paleomagnetism, and ore geology, particu-
larly in studies of sedimentary and igneous rocks .
In the study of metamorphic rocks, previous work has
explored the relationship between the variations in
rock magnetic parameters and metamorphic grade
(or crustal depth), with Powell ! first proposing a
potential connection between these factors in 1970.
Subsequently, some researchers have identified a clear
relationship between susceptibility and metamorphic
grade ®, while others have found no significant cor-
relation between them '*®. This discrepancy can be at-
tributed to several factors, including high temperatures
and fluid activities partially or completely resetting
magnetic minerals. But perhaps most critically, previ-
ous work did not always control for comparable lithol-
ogies at various metamorphic grades, thus potentially
leading to spurious results as susceptibility can vary
as much between various lithologies as different met-
amorphic grades. Circumventing this problem by con-
trolling for lithology, Xu et al. ' showed that eclogites

reveal a notable link between magnetic susceptibility
and retrograde metamorphism, indicating that higher
degrees of retrogression correspond to increased mag-
netic susceptibility.

Based on these observations, this paper introduces
the application of magnetic susceptibility to discuss
its relationship with the degree of retrogression in
amphibolite facies rocks. As can be seen from Figure
1, Fe-Ti oxides in mafic rocks exhibit predominantly
pressure-dependent mineral stability fields, with in-
creasing (approximate) pressure ranges: magnetite
(< 8 kbar), ilmenite (~14 kbar), and rutile (> 11 kbar)
(Figure 1A). Meanwhile, the magnetic susceptibilities
of these minerals also range systematically, from high
to low, where magnetite > ilmenite > rutile (Figure
1B). Through systematic sampling of a partially retro-
gressed mafic enclave in the Jiaobei Terrane of North
China craton (Shandong Province) that combines mea-
surements of magnetic susceptibility, thermomagnetic
behavior, and petrological characteristics, this study ef-
fectively demonstrates the relationship between these
factors. Moreover, it further explores the potential
causes of these variations, enhancing our understand-
ing of the geochemical processes influencing magnetic
properties in metamorphic rocks.
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Figure 1. Metamorphic pressure-temperature (P-T) stability and magnetic susceptibility of ferromagnetic Fe-Ti
oxides in a mafic amphibolite. (A) Phase diagram for Fe-Ti-oxides in a mafic protolith. Note the Fe-Ti-oxides are
largely pressure dependent. (B) Relative magnetic susceptibilities (k) of Fe-Ti oxides relevant to metamorphosed

mafic rocks.

Source: Modified from Rosenblum et al. ™.
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2. Geological Setting and Sampling

The North China craton has a prolonged geolog-
ical history that preserves important imprints of
Earth history, including crust formation, stabilization,
and tectonic events from the early Archean to the Ce-
nozoic ">’ The North China craton can be divided
into the Eastern and Western blocks separated by
three Paleoproterozoic orogenic belts (from west to
east): the Khondalite Belt, the Trans-North China Oro-
gen, and the Jiao-Liao-Ji Belt (JLJB) (Figure 2A). Part of
the JL]B, the Jiaobei Terrane on the eastern margin of
the North China craton contains crucial insights into
Precambrian tectonic evolution, marked by a rich re-
cord of Archean to Proterozoic geological events.

The Jiaobei Terrane is primarily composed of early
Precambrian basement rocks intruded by Mesozoic
granitoids. The early Precambrian rocks are further di-
vided into Archean and Paleoproterozoic components.
The Archean basement consists mainly of tonalite-
trondhjemite-granodiorite (TTG) gneisses, granitoids,
and associated plutonic rocks, with minor amounts of
amphibolite and supracrustal rocks "%, The Paleo-
proterozoic basement rocks are mainly composed of
meta-sedimentary rocks and meta-magmatic intrusive
bodies of the Jingshan Group and Fenzishan Group
(Figure 2B). These Paleoproterozoic units unconform-
ably overlay the Archean TTG gneisses “". The rocks of
the Jingshan Group record a metamorphic transition

from high-amphibolite facies to granulite facies, along
with extensive anatexis, while those of the Fenzishan
Group were metamorphosed from greenschist facies
to low-amphibolite facies. In addition, mafic dikes and
blocks have been found in Archean TTGs, and these
mafic rocks are primarily of Archean protolith. Many
of these Archean mafic rocks exhibit evidence of two
stages of Neoarchean (ca. 2.5 Ga) and Paleoproterozoic
(1.9-1.8 Ga) metamorphism #2724,

The studied outcrop is located in the Qixia area of
the Jiaobei Terrane, east North China craton (Figure
2). The studied outcrop comprises deformed mafic en-
claves, which are garnet-bearing amphibolite and occur
within the ca. 2.5 Ga TTG gneiss, with one enclave in
particular being the focus of this detailed study (Figure
3). Both the garnet amphibolite and TTGs experienced
Paleoproterozoic metamorphism (1.9-1.8 Ga) **.. Aeri-
al imagery of the outcrop reveals a tectonic fabric and
shear sense that have led to the boudinage of the mafic
enclaves, with its shear plane predominantly oriented
approximately vertically relative to the outcrop surface
(Figure 3). Three samples were collected along a pro-
file perpendicular to the metamorphic fabric from this
single mafic enclave (GPS WGS84 datum: 37°19’55.0”
N and 120°59°15.2” E), with samples positioned ac-
cordingly within the enclave: LY01-B (the most ret-
rogressed sample at the edge), LYO1-D (intermediate
sample), and LYO1-E (the least retrogressed sample in
the core).
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Figure 2. Geologic map of North China craton (A) and Jiaobei Terrane (B). Star indicates the location of the mafic

enclave studied in detail in this study.

Source: Modified after Zhao et al. ™" and Zhang et al. "\
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“Studied enclave

Figure 3. Garnet-bearing amphibolite enclaves in
TTG at the studied outcrop. Aerial outcrop image (see
geologist in bottom-left for scale) was taken with an
unmanned aerial vehicle (UAV). The mafic enclave pic-
tured in the zoomed-in inset picture was the focus of
this detailed study (note 4 cm scale bar near the core
of the enclave; see also Figure 4).

3. Methods

3.1 Petrography and Geochemistry

Outcrop photos were taken on multiple scales to
characterize the studied rocks. Close-up photos were
taken to make petrographic and metamorphic obser-
vations. Large-scale photos were taken with an un-
manned aerial vehicle (UAV) for making structural de-
formation observations. Using a portable water-cooled
diamond-bladed concrete saw, we sliced out a block
sample spanning a vertical (fabric-perpendicular) pro-
file of the studied mafic enclave. Thin sections were
prepared from sub-samples of the block across the
profile.

X-ray fluorescence (XRF) spectroscopy of major
elements in whole-rock samples was measured at the
Rock-Mineral Preparation and Analysis Laboratory at
the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences (IGGCAS) using the PANalytical AXIOS
Minerals instrument. This analysis utilized fused glass
discs as the medium. The instrument, equipped with
a Rh anode X-ray tube and 4 kW excitation power, is a

sequential device featuring a single goniometer-based
measuring channel covering the entire elemental mea-
surement range from F to U. The concentration range
extends from 1.0 ppm to % levels, and the analyses
were conducted under vacuum conditions *>**. The
specific data is presented in Table 1.

3.2 Magnetic Susceptibility and Thermomag-
netic Behavior of Susceptibility

We measured magnetic susceptibility at the out-
crop utilizing a standard-calibrated Terraplus KT-10R
handheld magnetic susceptibility meter *”**, Measure-
ments were made on flat surfaces where possible. Two
profiles were measured, one oriented horizontally on
the outcrop (being fabric-parallel) and one oriented
vertically relative to the main outcrop surface (being
fabric-perpendicular). As detailed in the section above,
a block sample was also collected for a vertical profile
in the fabric-perpendicular direction for further rock
magnetic analysis back at the laboratory.

Using sub-samples of the collected block sample
profile from the amphibolite enclave, thermomagnetic
curves of susceptibility (k-T curves) were obtained
using the AGICO MFK2-FA KappaBridge instrument
located at the “MagMin” laboratory at the Institute of
Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS) in Beijing. Experiments were conducted us-
ing argon to prevent sample oxidation during heating
and cooling. Thermomagnetic behavior of magnetic
susceptibility aids in the identification of magnetic
minerals and their domain states by revealing various
behavioral features upon heating and cooling. The
sharp loss of susceptibility upon heating to a certain
temperature, for example, signifies the Curie point of
a magnetic mineral. Impurities, e.g., Ti replacing Fe in
magnetite, yield a temperature decrease of the Curie
point. Curie point identification and thermal behavior
below can then be coupled with thin-section analysis
for fairly conclusive magnetic mineral identification,
thus revealing which magnetic minerals are controlling
the susceptibility trends measured on the outcrop.

Table 1. Major element (wt%) analyses of the samples from the Jiaobei Terrane, Shandong Province.

Sample No. Sio, TiO, Al,0, TFe,0, Cr,0, MnO MgO Ca0 Na,0 K,0 ZnO LOI Total

LYO1-B 5146 1.710 1141 18.79 0.047 0.308 3.38 8.53 1.855 1.142 0.015 0.449 99.085
LY01-D 51.79 1.585 12.28  18.02 0.032 0.275 3.44 8.43 2119 1137 0.015 0.149 99.281
LYO1-E 50.80 1.730 1193  19.40 0.037 0.277 3.49 8.55 1.341 1.062 0.017 0365 99.992
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4. Results

4.1 Petrographic Observations

The studied mafic enclave is identified as garnet
amphibolite, with field observations indicating that
in the core region of the mafic enclave profile garnet
grains are well-preserved, whereas in regions closer to
the edge of the enclave the garnets have undergone no-
ticeable retrogression (Figures 4 and 5). At the margin
of the enclave (the most retrogressed sample LY01-B),
the predominant minerals observed include horn-
blende (55-65 vol.%), garnet (10-15%), plagioclase,
k-feldspar and quartz (20-30%), and minor amounts
of magnetite, biotite and clinopyroxene. At the core of
the enclave (the least retrogressed sample LY01-E), the
primary mineral assemblage consists of hornblende
(50-55 vol.%), garnet (20-25 vol.%), and plagioclase,
k-feldspar and quartz (15-25 vol.%) along with minor
occurrences of sphene and a relatively lower content
of magnetite compared to the marginal portion. The
garnet shows a decompression texture with amphi-
bole and plagioclase coronas (Figure 5C). Both contain
different amounts of opaque minerals, specifically
0.2-0.5% (at the edge) and 0-0.2% (in the core), most-
ly consisting of magnetite and ilmenite (Figure 5).

Overall, the modal proportion of garnet decreases
from the core to the rim of the enclave, while the de-
compression texture of garnet becomes more promi-
nent in the same direction. (Figures 4 and 5). In sam-
ple LYO1-B at the enclave edge, most of the garnet has
been replaced by plagioclase, hornblende, and mag-
netite, and plagioclase grains display relatively coarse
sizes. There are two generations of hornblende, the
prograde hornblende (hornblende,) is coarse-grained
and occurs in the matrix, while the retrograded horn-
blende (hornblende,) occurs with the garnet symplec-
tite. Accessory apatite is widely distributed in all sam-
ples. The retrograde reaction is hornblende, + garnet +
plagioclase, = plagioclase, + hornblende, + magnetite.

4.2 Magnetic Susceptibility

Magnetic susceptibility measurements conducted
in both profiles (Table 2; Figure 4C) indicate a consis-
tently significant increase, spanning several orders of
magnitude, from the core to the edge of the enclave.
The measured k depends on the intrinsic susceptibili-
ty (k), where k = k,/(1 + Nk;), meaning that for high k,
materials (such as magnetite) k approaches 1/N (for
100% content). This allows an estimate of the magne-
tite content (p) in a sample by k = p(1/N). The demag-
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Figure 4. Directional differences in the magnetic
susceptibility trends measured within the studied
amphibolite enclave. (A) Two profiles were measured
relative to the tectonic fabric (shear sense indicated by
yellow arrows): one fabric-parallel profile measured
on the horizontal face of the general outcrop (orange)
and one fabric-perpendicular profile measured on the
vertical face of the enclave (blue). (B) The fabric-per-
pendicular profile measured on the vertical face that
was later cut with the concrete saw for a block sample
of the entire profile. Note preserved garnet (red-col-
ored) near the bottom of the image (enclave core) and
retrogressed garnet (light-colored) near the top of the
image (enclave edge). (C) Two susceptibility profiles
measured fabric-parallel horizontally (orange curve)
and fabric-perpendicular vertically (blue curve), in-
cluding close-up inset images of the difference in gar-
net grain colors. The fabric-parallel data are fit with a
linear regression and the fabric-perpendicular data are
fit with an exponential function.

netization factor (N) is 1/3 SI for a homogeneously
magnetized sphere (SD), and increases from about
1/6 SI'to 1/3 SI for low to high domain numbers of MD
particles **%. Accordingly, the vol% estimate (px100)
of magnetite for the sample with the highest k value of
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Figure 5. Mineralogy of amphibolite enclave profile
from core (bottom) to edge (top) as determined with
petrography and the thermomagnetic behavior of sus-
ceptibility. Samples LY01-B, LY0O1-D, and LYO1-E are
located at the edge, middle, and core of the enclave, re-
spectively (Figure 4B). (A-C) Photomicrographs were
taken in plane polarized light. Mineral abbreviations:
Amp—amphibole, Pl—plagioclase, Grt—garnet, Mag—
magnetite. (D) Thermomagnetic curves of susceptibili-
ty (k-T) of the same three samples.

0.04 Sl in Table 2 would be approximately between 1%
(SD) and 0.5% (MD). The susceptibility-based estimate
of magnetite content, however crude, is broadly con-
sistent with the aforementioned petrographic estimate
of up to 0.5% magnetite at the enclave edge.

The notable rise in susceptibility from the core to
the edge of the enclave coincides with indications of
garnet retrogression observed in the petrography.
Notably, however, the trends of susceptibility increase
differ between the two profile orientations. Specifical-
ly, the fabric-parallel profile exhibits a linear increase,
while the fabric-perpendicular profile demonstrates
an exponential increase (Figure 4C). This divergence
underscores a systematic difference in the distribution
of susceptibility within the enclave.

4.3 Thermomagnetic Susceptibility Curves

First, the thermomagnetic curve of susceptibility (k-
T) experiments (Figure 5D) supports the large increase
in susceptibly from the core to the edge of the enclave
as measured in the field (Figure 4C). The k-T curves
furthermore allow for the determination, in concert
with petrographic observations, of the magnetic min-
eralogy responsible for the large change in susceptibil-
ity across the enclave. Upon heating, all samples exhib-
it a small hump in the heating curves (peaking around
300 °C), which we interpret as very fine magnetite
that reaches thermal relaxation (SD-SP transition, i.e.,
between single-domain and superparamagnetic behav-
ior) at already intermediate temperatures '/,

Upon further heating, all three samples exhibit very
clear and sharp Curie points (i.e., the temperature
above which magnetic material becomes paramagnetic,
where susceptibility drops sharply during heating) that
are strikingly similar to each other and similar to the
literature value for magnetite of 575-580 °C *?. Such
a high Curie point for the magnetite range observed in
our samples is interpreted as pure “TM0” magnetite
(i.e., with only Fe and zero Ti content). Finally, all three
samples also exhibit notable but distinct Hopkinson
peaks (i.e., an increase in susceptibility near the Curie
point of magnetite), where the core of the enclave has
much broader and higher Hopkinson peaks, the edge of
the enclave has a more subdued Hopkinson peak, and
that of the middle of the enclave exhibits intermediate
behavior. According to the results of Dunlop et al. *?,
a higher Hopkinson peak height indicates a smaller
size of pseudo-single-domain (PSD) particles, which
we would thus imply that the core of the enclave has
small PSD magnetite particles whereas the edge would
have comparatively larger PSD magnetite particles.

4.4 Phase Equilibria Modelling

We have conducted phase equilibria modelling on
several of these samples. Phase equilibria calculations
were performed using the software program Geo-PS
3.3.2 Section ** with the internally consistent thermo-
dynamic data set (ds633) of Holland and Powell **.
The phase equilibrium modelling of sample LYO1-E

Table 2. Magnetic susceptibility (x 10~ SI units) data measured at the outcrop with the KT-10R meter along two
profiles with different orientations within a deformed mafic enclave.

Distance (cm) 0 3 6 9 12 15 18 21 24 27
Fabric-perpendicular 2.14 1.66 5.39 2.21 2.36 2.03 3.51 10.7 35.2 40.9
Fabric-parallel 1.04 1.37 5.94 12.7 17 25 29.2 24.8 30.6

Note: Distance is from core to edge of enclave. See Figure 4 for profile orientations.
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shown in Figure 6 was conducted using the MnNCK-
FMASHTO system. The P-T pseudo-section for the XRF
effective bulk composition is presented in Figure 6.
The simulated temperature range was 500-1,000 °C
and the pressure range was 3-14 kbar. This figure re-
flects the stability ranges of the relevant minerals. As
shown in Figure 6B, garnet is present across most of
the P-T range, but its content gradually decreases as
pressure decreases, corresponding petrographically to
a gradual decomposition and reduction in garnet con-
tent with decreasing pressure. Clinopyroxene typically
begins to appear around 700-750 °C and also appears
at 500-600 °C under very high (> 11 kbar) or low pres-
sures; thus, the presence of small amounts of clinopy-
roxene in the sample suggests that the metamorphic
temperatures did not exceed 750 °C. Magnetite starts to
appear at 650-700 °C, with the metamorphic pressure
not exceeding 7 kbar (Figure 6B). Biotite content in the
section is minor and is primarily influenced by tempera-
ture and does not appear significantly above ~760 °C
(Figure 6C), suggesting that the metamorphic tempera-
ture did not exceed 760 °C. Amphibole isopleth phase
diagrams (not shown) indicate that at 750 °C, amphi-
bole content reaches 50%, consistent with petrographic

LYO1E

Oxides:H:0 Na:0 MgO ALO: Si0: KO CaO FeO TiO; MnO O
o XOMOL478 135 541 732 5293 071 954 1521 135 024 114

Pressure (kbar)

700 800
Temperature (°C)

Biotite
stability

Pressure (kbar)

Temperature (°C)

observations described in Section 4.1. Both ilmenite and
quartz are present from low temperatures and pres-
sures to high temperatures and pressures.

Based on the petrographic features observed under
the microscope, the stable mineral assemblage of the
garnet-amphibolite during the peak metamorphic stage
approximates Grt + Amp + Cpx + Kfs + [Im + Qtz + melt,
with very little clinopyroxene, which may have partial-
ly reacted due to the peak ultra-high temperature and
pressure conditions and thus is not well preserved.
Combined with the phase diagram, the tempera-
ture and pressure range for this stage is 740-760 °C
and 9-11 kbar. The stable mineral assemblage during
the retrograde metamorphic stage includes Grt +
Amp + Bi + Pl + Cpx + Sph + Mag + Qtz + melt, with a
temperature and pressure range of 700-740 °C and
3-5 kbar. This range of conditions is reflected in the
P-T pseudosection (Figure 6A), where from core to
rim of the enclave profile, the dominant factor driving
retrograde metamorphism is pressure, representing a
near-isothermal decompression (ITD) P-T path. Figure
6D shows the contents of each mineral assemblage at
different times along the retrograde path, which is con-
sistent with the described petrographic observations.

Pressure (kbar)

700 800
Temperature (°C)

Pressure (kbar)

20 30 40 50 60

Mineral mode proportions (vol%)

Figure 6. (A) P-T pseudo-sections calculated based on the XRF data for the least retrogressed sample (LY01-E)
at the core of the enclave. (B) Isoline map of garnet, magnetite, and biotite in this system. (C) Isoline map of mag-
netite, and biotite in this system, and the near-isothermal decompression metamorphic path of this profile. (D)

Mineral contents along the a-a’ path.
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5. Discussion

Using a multi-proxy geophysical and petrograph-
ic approach, our study of metamorphic rocks makes
several discoveries about the relationship between
retrogression and magnetic susceptibility. We show
that susceptibility can be used to quickly—and even at
the outcrop—identify quantitative trends in the degree
of partial retrogression as preserved on small spatial
scales such as a deformed mafic enclave. Although
such gradients can be observed qualitatively with dif-
ferences in mineralogy (e.g., garnet preservation vs.
retrogression), susceptibility provides a quantitative
proxy that can be measured readily and compared with
petrographic-based metamorphic constraints. The pre-
vious work of Xu et al. ®** introduced the association
of elevated susceptibility with retrograde phenomena
in ultrahigh-pressure (UHP) eclogites. Our study thus
goes one step further by demonstrating that magnetic
susceptibility can also be used to detect differences
in retrogression degree and that these differences are
well correlated with rock properties and P-T estima-
tion. Furthermore, we speculate on the possible causes
of these differences.

We demonstrate with consistent lines of evidence
from petrography and the thermomagnetic behavior of
susceptibility that such gradients in susceptibility can
be accounted for by different magnetic mineralogy re-
lated to garnet decomposition to other minerals (such
as magnetite with high susceptibility) during retrogres-
sion (Figure 7). During retrograde metamorphism, the
retrograde assemblage of plagioclase + hornblende, +
magnetite was gradually formed by replacing garnet.
During the more advanced retrograde metamorphic
stage, the retrograded assemblage completely replaced
the primary minerals in the studied sample. Therefore,
the volume concentration of garnet decreases with in-
creasing degrees of retrograde metamorphism. In con-
trast, with increased retrogression, the concentration
of magnetite + hornblende will increase. Taking LYO1-E
as an example, the sample is situated in the core of the
enclave with the least evidence of retrogression. The
mineral assemblage indicates a gradual decrease in
garnet (Figure 6B) content and concurrent appearance
of minerals such as magnetite (Figure 6C), and biotite
(Figure 6C).

Therefore, we interpret that large increase in sus-
ceptibility observed at the more heavily retrogressed
edge of the enclave (Figure 4C) can be attributed to
the formation of abundant pure magnetite (Figure 5)
during retrograde metamorphism. Again, while in-
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Figure 7. Photomicrograph taken under reflected light
from the completely retrogressed sample from the
edge of the mafic enclave (LY01-B). (A) The majority of
garnet (Grt; grain boundary shown with dashed out-
line) has undergone retrogression and decomposition
into plagioclase (P1), hornblende, and magnetite (Mag).
(B-C) Zoomed-in images of magnetite. Amp, amphi-
bole.

creased magnetite content in the breakdown of garnet
at the edge of the enclave can be observed petrograph-
ically (Figure 5A), the ~575-580 °C Curie point detect-
ed by thermomagnetic behavior of susceptibility can
further identify pure TMO (i.e., no titanium) magnetite
(Figure 5D). This observation is consistent with mag-
netite being stable at lower P compared to ilmenite
being stable at higher metamorphic pressures in mafic
protoliths . Although the mafic protolith of the stud-
ied mafic enclave likely started, before metamorphism,
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with relatively abundant primary ilmenite and magne-
tite and therefore initially high susceptibility, prograde
metamorphism would have destabilized relatively
low-P magnetite, explaining why the better-preserved
prograde core of the enclave has low susceptibility.
Thus, to be clear, all the magnetite observed in this
study is interpreted as secondary (metamorphic), not
primary (magmatic).

The fact that retrogression is recorded at the edge
of the enclave, and to a much lesser degree in the core,
suggests that the presence/absence of fluids, respec-
tively, controls the preservation of retrogression. The
core was too dry to record the mineralogical changes
that occurred during exhumation. The thermomag-
netic behavior of susceptibility experiments further
suggests, with the systematically different heights of
Hopkinson peaks from core to edge of the enclave (Fig-
ure 5D), that the PSD particle size of the newly-formed
magnetite during retrogression was very small near
the core and larger near the edge of the enclave. More
fluids circulating during retrogression at the edge of
the enclave allowed for a lot of new magnetite (TMO0)
to grow and with larger PSD particles, whereas far-
ther into the drier core of the enclave less new TMO
magnetite grew and with smaller PSD particle size.
The elevated retrograde temperatures of ~550-800 °C
documented from similar retrogressed mafic amphib-
olite in the region " would have further facilitated the
enhanced growth of the large-particle magnetite at the
edge of the enclave. Finally, fluids also likely influenced
retrogression reaction rates, as well as mobilizing Fe
and O for the formation of abundant high-susceptibil-
ity pure TMO magnetite. This conclusion is consistent
with the emphasis by Jamtveit et al. ®"*" on the signif-
icant influence of external fluids on retrograde meta-
morphism.

The mobility of fluids controlling the preservation of
retrogression can also explain the contrasting trends in
magnetic susceptibility for the profiles taken in differ-
ent orientations of the enclave (parallel vs. perpendic-
ular to the structural fabric), but an additional factor
must also be invoked. All across the studied outcrop,
many enclaves support the presence of fluid mobility
related to the tectonic deformation, with enclaves ex-
hibiting heterogeneity with fluid-rich and fluid-poor
regions (Figure 8), consistent with the divergent
susceptibility trends when measured along different
orientations relative to the tectonic fabric. There are
two possible explanations for the contrasting profiles.
First, the lithologic heterogeneity of the surrounding
TTG acquired during prograde deformation possibly

allowed for more fluid mobility along fabric-parallel
layering than across it (in the fabric-perpendicular
direction). Second, non-lithostatic pressure may have
additionally affected fluid mobility and controlled the
extent of garnet transformation from edge to core in
different directions. In the North American Cordillera,
for instance, discrepancies between geobarometric
pressures and palinspastic reconstructions based on
field data suggest the prevalence of non-lithostatic
pressure, which can have an impact on the calculation
of the metamorphism temperature and pressure “**,
Neither explanation can be ruled out and they are also
non-mutually exclusive. Further constraints would be
needed to test their relative contributions.

Figure 8. Evidence of fluid-related features in other
mafic enclaves at the same outcrop. Arrows point to
fluid-related melt channels. Note the heterogeneity
of fluid-rich and fluid-poor regions. The quartz (Qtz)
pressure shadow being an example of a low-pressure
region. Shear sense is indicated. For scale, (A) 20-cm-
long KT-10R magnetic susceptibility meter and (B)
30-cm-long rock hammer.

With the introduction of the utility of magnetic
susceptibility for metamorphic field studies on a lo-
calized outcrop (e.g., < 1-m-scale in this study), the
dynamics of differential retrogression preservation
can be studied in new detail. The potential promise of
magnetic susceptibility as a proxy for metamorphic
pressure (Figure 1) is supported by a strong correla-
tion between them in our study (Figure 9). Further-
more, whereas the typical pseudo-section approach
to estimating pressure cannot distinguish (within
uncertainty) between nearby samples along the profile
of our study, susceptibility can successfully distinguish
between them (Figure 9). Thus, given the proper mafic
protolith, quick and easy variable retrogression gra-
dients can be detected with susceptibility even in situ
on the outcrop. Our contrasting profiles measured in
different orientations with respect to the tectonic fab-
ric further suggest that lithologic heterogeneity and/
or non-lithostatic pressure play roles in controlling
the mobility of fluids—lending a “third dimension” to
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the study of partial retrogression, namely, differential
retrogression preservation. Therefore, we suggest
that magnetic susceptibility represents a previously
under-utilized geophysical method in the study of met-
amorphic rocks. Investigating whether magnetic sus-
ceptibility can be used to directly calculate metamor-
phic pressure and be as useful for assessing prograde
as well as retrograde metamorphism remains subjects
for future research.
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Figure 9. Inverse relationship between magnetic
susceptibility and metamorphic pressure for the mafic
protolith of this study (Table 3).

Table 3. Metamorphic pressure (kbar) and magnetic
susceptibility (x 10 SI units; measured on the Kappa-
Bridge) for three samples across the fabric-perpendic-
ular (vertical) profile.

Sample No. LYO1-B LYO1-D LYO1-E
. Near enclave Middle of Core of
Location . )
margin profile enclave
Met: i
etamorphic 3¢ 6-11 6-11
pressure
M ti
agnete 343.24 151.54 65.34

susceptibility

6. Conclusions

We find that a several-order-of-magnitude increase in
magnetic susceptibility measured from the core to the
edge of a partially retrogressed garnet amphibolite en-
clave is indicative of variable degrees of the transforma-
tion of garnet into high-susceptibility minerals like mag-
netite during retrogression, controlled by the availability
of fluids, with the enclave margin being wet allowing for
more complete retrogression and the core being dry and
thus preserving only partial retrogression.
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On the same mafic enclave, the core-to-edge trends
of increasing magnetic susceptibility measured in
different orientations relative to the tectonic fabric
are found to be different (linear vs. exponential for
fabric-parallel and fabric-perpendicular profiles,
respectively), revealing either that lithologic hetero-
geneity acquired during prograde deformation and/
or non-lithostatic pressure during retrograde stress
affected fluid mobility and controlled the extent of gar-
net transformation from edge to core.

Our study introduces magnetic susceptibility as a
novel, efficient proxy for quantitatively assessing the
degree of partial retrogression in deformed mafic en-
claves and demonstrates its effectiveness in detecting
subtle variations in retrograde metamorphism influ-
enced by fluid mobility, offering a less labor-intensive
yet effective method for exploring the effects of fluid
dynamics and potentially non-lithostatic pressure on
metamorphism in field studies, thereby paving new
avenues for future research within this domain.
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