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ARTICLE INFO ABSTRACT

Editor: Vasileios Mavromatis Magnesium carbonates record information on water-rock interactions during and after mineral precipitation. The
Marlborough Terrane in central Queensland, Australia, contains magnesite-bearing serpentinite highlands sur-
rounded by low-lying sedimentary basins that host authigenic magnesite (MgCOs3). Open pit mines in both
settings provide exposures of serpentinites (Gumigil) and Cenozoic sediments and overlying black soils (Yaamba)
that host the magnesite and other authigenic phases. The Gumigil mine contains deeply weathered serpentinite
hosting metamorphic magnesite veins that formed syn-tectonically; both serpentinite and magnesite are now
partially dissolving, silicifying, and ferruginizing. Aqueous Mg?" is being exported into the basins surrounding
the serpentinite ridges. The Yaamba magnesite mine in the surrounding plains exposes diagenetic magnesite
formation within unlithified alluvial sediments, where ascending magnesium-rich groundwaters replace arkosic
sands and silts by magnesite cements, nodules, and pinnacles. Late-stage pedogenic processes at Gumigil and
Yaamba drive retrograde transformation of magnesite into geochemically distinct exterior regions of second-
generation cryptocrystalline magnesite recording interactions with Fe/Mn-oxides/hydroxides via cerium
anomalies, yttrium anomalies and manganese concentrations in zoned magnesites from Yaamba. The complex
history of mineral precipitation, dissolution, diagenetic replacement, and supergene alteration is recorded in the
major, minor and trace element compositions of magnesites at each site. Serpentinite ridges and magnesite-
bearing valley floors in Central Queensland provide a useful analog to the processes that might occur in the
ultramafic highlands and carbonated lowlands at Jezero crater, Mars.
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1. Introduction

The chemical composition of Mg-carbonates in Martian meteorites
or in samples collected on the surface of Jezero Crater may place con-
straints on the water and carbon cycles on Mars billions of years ago
(Borg et al., 1999; Eiler et al., 2002; Farley et al., 2022; Liu et al., 2022;
Scheller et al., 2022). In particular, carbonates in Martian meteorite
ALH84001 and outcrops recently discovered by the Mars 2020 Perse-
verance Rover in Jezero Crater may have formed during low-
temperature, near-surface aqueous alteration of ultramafic protoliths
and surrounding sedimentary deposits, from hydrothermal alteration, or
from Mg-rich fluids derived from the weathering of ultramafic rock

(Eiler et al., 2002; Farley et al., 2022; Halevy et al., 2011; Scheller et al.,
2022; Stack et al., 2024; Sun et al., 2023). Their elemental compositions,
determined in meteorites or after sample-return, will help to unravel
dominant aqueous conditions during magnesite precipitation.

On Earth, carbonates forming from groundwater or soil waters tend
to be calcitic or dolomitic (Alonso-Zarza and Wright, 2010b; Alonso-
Zarza and Wright, 2010a), forming soil nodules or indurated horizons
called palustrine carbonates or calcretes. Terrestrial calcium carbonates
and the processes by which their elemental compositions record paleo-
environmental information on Earth are studied extensively (Elderfield
et al., 2010; Lachniet, 2009; Srivastava et al., 2019; Vaniman and
Whelan, 1994; Zhang and Shields, 2022). The greater crustal abundance
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of Ca on Earth’s surface compared to Mars produces few terrestrial ex-
amples of Mg-rich carbonates relative to Ca-carbonates (Scheller et al.,
2021). On Earth, Mg-rich carbonates form in a variety of settings, but are
often associated with serpentinites, and form over a wide range of
temperatures (e.g., Gahlan et al., 2020; Kelemen and Matter, 2008;
Mervine et al., 2014; Rielli et al., 2022; Russell et al., 1999; Ternieten
et al., 2021). Most surface forming Mg-rich carbonates are hydrous
minerals in palustrine and lacustrine settings such as Lake Salda in
Turkey, the Cariboo Plateau and the Atlin Playa System in Canada,
springs from Samail Ophiolite springs in Oman and in the Ronda peri-
dotites in Spain, and the Coorong Lakes in Australia (Giampouras et al.,
2019, 2020; Power et al., 2009; Raudsepp et al., 2024; Russell et al.,
1999; Warren, 1990). Therefore, anhydrous magnesium carbonates
forming from groundwaters in sedimentary rocks are less studied
(Scheller et al., 2021), with a few exceptions (e.g., De Deckker, 2019;
Kaya et al., 2023; Oskierski et al., 2013a), especially for fluvial-deltaic
sediments similar to those observed in Jezero Crater and Gale Crater
(Caravaca et al.,, 2024; Stack et al.,, 2024; Tutolo et al., 2025).
Geochemical signatures preserved in similar Mg-carbonates on Mars
could shed light on near-surface paleoenvironmental conditions of
ancient Mars. Thus, assessment of elemental behavior during Mg-car-
bonate precipitation and alteration on Earth may assist with interpre-
tation of Martian rocks rich in these minerals such as those sampled by
Perseverance for eventual return to Earth. Particularly, the capacity for
trace elements in magnesite to capture and preserve signatures that
record 1) hydrological conditions (e.g., Eh-pH) and 2) fluid provenance
has yet to be assessed in fluvial sedimentary environments from source
to sink.

To address this knowledge gap, we sampled and analyzed magnesites
from two related sites in central Queensland, Australia (Fig. 1):
magnesite veins in weathered serpentinites at the ridge-top Gumigil
Mine; and diagenetic magnesite concretions, nodules, and pinnacles that
replace arkosic sands in the surrounding alluvial plains (Yaamba Mine).
Open pit mining exposures capture distinct stages of the Mg-cycle from
source to sink, including (1) metamorphic formation of magnesite veins,
(2) weathering of magnesite veins and host serpentinites, (3) Mg2+
leaching during chemical weathering and erosion from ultramafic
source rocks, (4) aqueous Mg2+ migration in groundwaters, and (5) both
diagenetic and pedogenic magnesite precipitation in alluvial sediments
and black soil plains. In addition, this work utilizes pXRF mapping
techniques to identify and target chemically distinct zones (invisible to
the naked eye) in individual magnesite nodules and veins to avoid
mixing away geochemical heterogeneity critical for tracking paleo-
environmental processes. Results demonstrate that these magnesite
samples can capture and preserve hydrological trace element signatures
in a Jezero Crater analog environment on Earth.

2. Geologic background

In central Queensland, the Upper Devonian to Triassic New England
Orogeny emplaced the Princhester Serpentinite adjacent to Paleozoic
sedimentary and volcanic units of the Marlborough block (Jessop et al.,
2019; Murray, 2007) (Fig. 1). These units were intruded by syn-orogenic
magmatic suites, primarily of granite and granodiorite compositions
(Murray, 2007; Murray et al., 1997). Following the orogeny, during low-
grade metamorphism and hydrothermal alteration of ultramafic rocks,
erosion and fluvial sedimentation produced low-lying basins surrounded
by up to 400 m residual plateaus and ridges that remained exposed to
long-term weathering (Croke et al., 2011; Milburn and Wilcock, 1994,
1998; Wilcock, 2000). Lateritic weathering of serpentinites leached
aqueous Mg?" ions into groundwaters that were transported into low-
lying areas, where they combined with aqueous carbonate species to
form magnesite nodules, concretions, and pinnacles in alluvial sedi-
ments (Eggleton et al., 2011; Foster and Eggleton, 2002; Milburn and
Wilcock, 1994, 1998; Searston, 1998; Wilcock, 2000).
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Fig. 1. Geologic and elevation maps of the study area. Panel (a) is geologic map
contextualizing the Gumigil and Yaamba Mines (red dots) along with the
Fitzroy River (opaque blue), which flows eastward. This map contains data
provided by the State of Queensland Department of Natural Resources and
Mines (2012). The upper sub-panel in panel (a) shows the study area in context
with the continent of Australia. Panel (b) is an elevation map showing the two
mines with topographic context. Country boundary data was made with Natural
Earth. Free vector and raster map data is available at naturalearthdata.com.
Elevation data was sourced from the Aster GDEM v3 (Abrams et al., 2022). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

2.1. Gumigil chrysoprase mine: weathered Princhester Serpentinite

The Princhester Serpentinite formed by metasomatic hydrothermal
alteration of Neoproterozoic or early Cambrian peridotitic harzburgites
and pyroxenites (Bruce et al., 2000; Murray, 2007) (Fig. 1). It is now
structurally intercalated with metasediments and interpreted as a sec-
tion of oceanic lithospheric mantle obducted into a forearc accretionary
wedge complex during the New England Orogeny (Murray, 2007). The
Princhester Serpentinite hosts folded and faulted magnesite vein struc-
tures that predate exhumation (Eggleton et al., 2011). After exhumation
in the Cenozoic, the serpentinite protolith underwent prolonged erosion
and weathering, resulting in laterization and formation of residual sil-
cretes and ferricretes that now cap weathered ultramafic plateaus and
ridges at 250-380 m-elevation (Eggleton et al., 2011; Foster and
Eggleton, 2002) or deeply dissected weathered hills at 50-70 m eleva-
tion (Fig. 2). During weathering, many veins were replaced by crypto-
crystalline and amorphous silica that often contains nickeliferous
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Fig. 2. Photographs at the Gumigil Mine field site. In the Marlborough-Kunwarara region of Central Queensland, (a) serpentinite iron and silica-rich ridges and
plateaus where lateritic weathering profiles host (b) chrysoprase deposits, such as the open pit Gumigil mine. Panels b-d show lateritic profiles transitioning into
weathered and then pristine serpentinites (Serp) at depth: sequentially from the lateritic surface (b), intermediate sections of the pit (c), and deeper in the pit where
serpentinite outcrops with magnesite (Mgs) veins are exposed (d). The serpentinites host erratically distributed folded and faulted magnesite veins, suggesting that
serpentinite-hosted magnesite veins formed during the alteration of peridotites into serpentinites before or during the emplacement of the serpentinite bodies. Panels
e and f illustrate the elevated residual landscapes, where strongly ferruginized-silicified serpentinite blocks devoid of Mg indicate large-scale transport of Mg from

ridge tops to the surrounding plains.

layered silicates; this supergene material, called chrysoprase, is the
target of the mining operation. A high-elevation (350-370 m) ridge
hosts the Gumigil chrysoprase mine (Fig. 1), which exposes a deep
lateritic weathering profile (Eggleton et al., 2011; Foster and Eggleton,
2002; Murray, 2007).

2.2. Yaamba magnesite mine: diagenetic and pedogenic magnesites

The Yaamba magnesite mine (Fig. 1) sits at ~20 m elevation within
the Fitzroy River catchment ~6 km north of the modern Fitzroy River
and ~ 45 km from the Gumigil mine. The Yaamba pit is within 5 km of
the Princhester serpentinite ridges and plateaus and within 5 km from
the ~60 m elevation Brolga Ni—Co laterite mine; serpentinites probably
constitute a substantial portion of the Yaamba pit bedrock along with
magmatically-differentiated igneous and sedimentary crustal units
(Murray et al., 1997). In the 1980’s, the Yaamba magnesite deposit was
estimated to cover ~27 km? and host ~188 million tons of raw
magnesite within ~460 million tons of sediment (Matheson, 1988).
Sedimentary units hosting magnesite were likely deposited during the
Cenozoic and as recently as the Quaternary (Croke et al., 2011; Jessop
et al., 2019; Murray et al., 1997; Pope, 2007).

3. Methods
3.1. Sampling and selective analysis

Vein magnesites and their host serpentinites were collected in out-
crops exposed at mine walls and floors at the Gumigil mine (Figs. 2 and
3). Nodular magnesites were sampled at Yaamba together with co-
existing sediments and Fe/Mn-oxides pisolith from overlying soils
(Figs. 4 and 5). Sample names, locations, and type (rock, vein, concre-
tion, sediment, or pisolith) are summarized in Table S1. Since slabs of
magnesite nodules and veins typically appear homogenous and white,
microscale X-ray fluorescence (pXRF) mapping was used to produce
chemical images of the polished slabs of magnesite nodules, which
guided further subsampling by drilling powders using a high-speed ro-
tary drill.

3.2. Micro-XRF mapping

Chemical imaging of a subset (M22-028, M22-029, M22-214,
M22-216, M22-220, M22-311, M22-312, and M22-313) of slabbed
samples was accomplished with a Bruker M4 Tornado benchtop pXRF
spectrometer in the Caltech Division of Geological and Planetary Science
Analytical Facility (Fig. 5). X-rays were generated from a rhodium tube



C. Swindle et al.

Chemical Geology 695 (2025) 123068

- Halite-Rich

~ Halite-and

Fig. 3. One-inch drill-cores (a-f) of serpentinites and magnesites and a slab with a supergene quartz vein crosscutting a magnesite vein (g-h) from Gumigil (a)
serpentinite; (b) partially weathered and silicified serpentinite; (c) strongly weathered and silicified serpentinite; (d-e) partially weathered serpentinite contact with
metamorphic magnesite vein; (f) metamorphic magnesite vein; (g-h) partially silicified metamorphic magnesite with supergene pore-filling halite and dolomite.
Panel h is a subsection of panel g. The Fe/Mn-O/OH label represents Fe/Mn-oxides/hydroxides.

excited to 50 kV with 600 pA current and were focused onto samples
with polycapillary optics as samples were rastered beneath the primary
X-ray beam. Analyses were performed under vacuum (ca. 2 mbar) to
maximize sensitivity to magnesium and other light elements. Fluores-
cent X-ray energy spectra were measured simultaneously on two 30 mm?
silicon drift energy dispersive spectrometer detectors and assigned to 40
pm-wide pixels, which had primary beam dwell times of 5 to 10 ms per
pixel. Bruker software (Bruker M4 Tornado v. 1.6) was used to decon-
volve fluorescent X-ray EDS spectra from background, emission line
overlaps, and detector artifacts (i.e., pile-up peaks and detector escape
peaks).

A slab of nodular magnesite (sample M22-308) underwent analysis
by the modified iXRF Atlas X instrument at the Centre of Microscopy and

Microanalysis (CMM), at theUniversity of Queensland. Micro-XRF
elemental mapping was conducted at 50 kV (1000 pA) using a
molybdenum-target tube with polycapillary focusing optics producing
17.4 keV X-rays (flux of 2.2 x 108 pH.s™!) focusing to 25 pm. The Mo-
source was defocused to 80 ym for mapping of sample M22-308.
Following acquisition, data was processed and visualized in GeoPIXE
version 8.7 (CSIRO) (Ryan, 2001; Ryan et al., 2015) using the UQ
facility’s in-house dynamic analysis (DA) model. A uniform sample
composition (MgCO3) was assumed for the fluorescent yield calculation.

3.3. Whole rock analyses

Magnesite and serpentinite samples were cored using a diamond
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Fig. 4. The Yaamba Mine profile consists, from the surface downward, of a relatively thin black soil profile overlying a magnesite-rich sand layer (a-b). Sands have
both horizontal laminar beds and cross bedded sections (c-d). Magnesites in the sands (e-f) becomes purer and more abundant with depth.

rotary drill in the Sample Preparation Laboratory at the University of
Queensland (Fig. 3a-f). In magnesite samples, coring was exclusively
conducted in zones where non-carbonate inclusions were visually ab-
sent. In addition, 10 g (g) of one Yaamba sediment sample was oven-
dried at 30 °C for multiple days to remove water. Samples were subse-
quently crushed using a hydraulic press, followed by a percussion
hammer to comminute grains to sub-2 mm grains. Crushed samples were
pulverized to 17 pm grain-size powders using an agate ball mill; milling
lasted from 7 to 15 min, depending on the nature of the sample. Sample
contamination was minimized by thoroughly cleaning crushing equip-
ment between each sample. The cleaning procedure involved pulveriz-
ing clean sand in the agate ball mill between each sample to lower the
risk of sample cross contamination.

Further sample preparation was conducted for Loss on Drying (LOD),
Loss On Ignition (LOI), major, minor and trace element analyses at the
Environmental Geochemistry Laboratory (EGL) at the University of
Queensland. An aliquot of ~2.5 g from each sample was weighed, oven-
dried at 105 °C for 1 h, and re-weighed to determine LOD. The dried
sample was then further heated in a muffle furnace at 1000 °C for one
hour to obtain LOL

The major element (oxide) composition was obtained through
alkaline fusion followed by the analysis. Approximate 0.1 g of each
sample was mixed with 0.6 g of lithium borate in a platinum crucible
and was fused by steps up to 1000 °C. The resulting glass bead was cast
into 100 mL 5 % HNOg and analyzed using a Perkin Elmer Optima 8300

DV ICP-OES.

Minor and trace elements were analyzed from acid digests using an
Agilent 7900 ICP-MS. Prior to digestion, approximate 1 g of each
Yaamba sample was ashed at 500 °C to remove any organic matter that
would complicate the digestion process. The weight loss of each sample
was carefully recorded for later calculation.

Approximately 0.1 g of each magnesite, serpentinite, and ashed
Yaamba sediment sample was weighed and first digested with 2 mL of
concentrated HNO3 and 0.5 mL Hy0; in sealed Teflon digestive beakers
on a hot plate 140 °C overnight to remove carbonate component. The
resulting solution was evaporated down to incipient dryness at
80-90 °C. The dried residue was then digested with a mixture of 1 mL of
concentrated HNO3 and 3 mL of concentrated HF on a hotplate at
140 °C. This step was used to ensure silica-bearing minerals in the
samples are completely dissolved. The digest solution was then evapo-
rated at again at 80-90 °C before re-dissolving with 2 % HNOs and
diluted further to 4000x for minor and trace element analysis.

3.4. Selective digestion and major and trace element determination in
magnesite

Despite their mineralogical homogeneity, the magnesite nodules
may contain small amounts of acid-soluble sediment, soil, and protolith
phases such as oxide or clay minerals. To minimize their contribution
during digestion of the carbonate minerals, samples were pre-cleaned
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Fig. 5. pXRF images of slabbed magnesite nodules from Yaamba showing elemental distributions. (a-b) M22-214 nodule showing some remnant quartz grains and
Nacl filling magnesite pores; (c¢) M22-312 homogeneous clean nodule; (d) M22-313 clean nodule with Mn-rich rim; (e) M22-216 heterogeneous contaminated
nodule with remnant sand and large amount of dendritic NaCl precipitation; (f) M22-311 strongly contaminated nodule with irregularly distributed Mn-oxides, Fe-

oxides, and NaCl.

and gently digested following protocols developed for calcium carbon-
ate minerals (Cao et al., 2020; Swindle et al., 2025; Swindle, 2023).
Powder (4.5-9.0 mg) was extracted from visually pure sections of
magnesite using a diamond-studded high-speed rotary drill (Dremel).
Powder extraction was preceded by pre-abrasion of the sampling area to
remove surficial contaminants. To remove water-soluble salts and cat-
ions adsorbed to the surfaces of mineral grains, powders were ultra-
sonicated with two rinses in neutral ammonium acetate solution and
three rinses in ultrapure water (Milli-Q). Powders were subsequently
digested in 0.3 M acetic acid at 90 °C, passed through 0.2-pm syringe
filters to remove insoluble silicates and metal-oxides/hydroxides and
brought up in 5 % nitric acid prior to analysis on an Agilent 8800 ICP-MS
at Caltech. For quality control, we used the DWA-1 dolomite sourced
from Brammer Standard. Elements were measured within the reported
uncertainties of the DWA-1 reference values (Roelandts and Duchesne,
1994). Standards were matrix matched with Mg?* and Ca®* when DWA-
1 dolomite was analyzed (there is no adequate reference standard for
magnesite). Trace element concentrations were determined by normal-
izing elements to the Mg?" and Ca?* concentrations in solution (>99 %
of the cations) with the calculated carbonate content needed for stoi-
chiometric MgCO3 and CaCOs. Elements such as Si, Al, P, and many
others were monitored in quick scan mode. Large shifts in analyte data
would have resulted in a rejection due to contamination.

4. Results
4.1. Field, mineralogy, and textural observations

4.1.1. Gumigil chrysoprase mine

Magnesite veins in the Gumigil mine are common in fault-bound
serpentinite blocks that range from shallow depths to several 10’s of
meters beneath the current surface (Fig. 2). At depth, magnesites are
milky white, cryptocrystalline, pure, porous, and have an elongated
granular texture with apparent internal folding (Figs. 2 and 3).
Magnesite veins observed are millimeters to tens of centimeters wide
and occur as complex fracture networks in serpentinite (Figs. 2 and 3).

Towards the surface, magnesite veins become partially or completely
replaced by supergene silica (quartz, chalcedony, opal, and chrysoprase,
and prase opal) veins. Vein margins are more porous and often have a
bulbous cauliflower texture attributed to weathering of isotropic, fine-
grained material. Pore-filling halite and minor dolomite occur in
recrystallized margins of some magnesite veins (Fig. 3h).

4.1.2. Yaamba magnesite mine

Open mining pits at Yaamba expose ~9 m of unlithified cross bedded
and laminated arkosic to sub-arkosic sands, silts, and clayey silts locally
cemented and partially or completely replaced by magnesite nodules,
concretions, and pinnacles (Fig. 4). The sediments at Yaamba were
deposited in a sand-rich river system with largescale barforms like the
modern Fitzroy River and are now part of a terraced flood plain with
more extensive soil development. The sand is mostly detrital quartz and
feldspars sourced from regional granitoid and metamorphic rocks, with
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sparse chromite derived from ultramafic rocks. Trough cross beds up to
40 cm thick form channel deposit bedsets that are several meters thick
and 10 to 50 m wide (Fig. 4). Some clay in flaser bedded silt in the
uppermost 3 m of the pit could be depositional, but grain shapes, sizes,
and textures suggest that most clays are authigenic and grew along
trough cross bedding foresets. Eucalyptus trees and grasses cover the
modern surface, and the uppermost 30 cm of the pit is dark clayey silty
soil with abundant plant roots (Fig. 4). Throughout the section, plant
roots are preserved as amorphous silica or magnesite casts (Fig. 4).

Bulbous cauliflower- or knuckled-finger-shaped magnesite nodules
ranging from mm to 30 cm in diameter locally replace cross-bedded and
laminated sediments but do not disturb adjacent sedimentary structures
(Fig. 4). Trough cross-bed foresets with the most magnesite nodules also
contain the highest abundances of authigenic clay. Incipient soft
magnesite nodules contain abundant sand grains.

Micro-XRF maps reveal that some magnesite nodules exhibit
concentric geochemical zoning (Fig. 5). Zonation can be either abrupt or
gradational (Fig. 5). These nodules are milky white and span from hard
and porcelaneous magnesites to softer, chalky varieties. Some magnesite
nodules are white and pure in the center but become progressively
contaminated with remnant sand or feldspar grains or authigenic halite
and dolomite crystals towards the rim (Fig. 5). Iron and manganese
oxides/hydroxides and cryptocrystalline silica may also encrust the ex-
teriors of nodular magnesites and infiltrate along veins into the
contaminated rims (e.g., Figs. 4f, and 5a and f).

Chemical Geology 695 (2025) 123068

4.2. Major, minor and trace element chemistry

4.2.1. Serpentinites, weathered serpentinites, and magnesite veins at
Gumigil

Major, minor and trace element geochemistry for all samples and
subsamples investigated in this study are presented in Table S1. At the
Gumigil Mine, serpentinites become progressively more weathered from
depth to the surface, where they become completely replaced by iron-
silica (plus Cr-Al-Ti-Na) duricrusts (Figs. 2, 3 and 6). Serpentinite
weathering is accompanied by a significant change in colour (iron
oxidation) and increase in porosity (Figs. 2 and 3). MgO contents
decrease progressively, until the Mg-depleted Fe-Si-Al-Ti-Cr-Na-rich
duricrust is formed (Fig. 6a). In addition, Na contents increase with
weathering intensity from the serpentinites to the ferricretes (Fig. 6b).
Magnesite veins undergo Mg?" loss, become progressively silicified, and
are eventually completely replaced by supergene silica veins.

Chondrite-normalized REE spider diagrams for samples analyzed by
total digestion show that Gumigil serpentinites are depleted respect to
chondritic values of McDonough and Sun (1995) (Fig. 7). Co-existing
magnesite veins analyzed by total digestion show even lower REE con-
centrations than the serpentinites, and magnesite-specific digestion
show the lowest REE concentrations.

4.2.2. Sand, magnesites, and Mn-oxides at Yaamba

Pure Yaamba sediments devoid of carbonates were not analyzed, but
sediments slightly cemented by magnesite (YP4-19-02, Table S1)
document the arkosic composition of the sands (high Si, Al, K, and Na)
(Table S1, Figs. 6 and 7).

Yaamba magnesites analyzed by both total and magnesite-specific
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digestions show REE element enrichment with respect to chondritic
values, except for the negative Ce-anomaly in many of the samples
(Fig. 7). Importantly, magnesites from Yaamba have up to two-orders of
magnitude higher REE contents than those from Gumigil, clearly dis-
tinguishing the two types of magnesites. Yaamba magnesites are
depleted in LREE with respect to hosting sands, but most magnesites
show HREE compositions similar to, or slightly depleted compared to
the hosting sands (Fig. 7). Yaamba magnesites analyzed by the total
digestion method show a broader dispersion in REE values than those
analyzed by magnesite-specific digestions (Fig. 7). Most of the magnesite
samples analyzed by either total or magnesite-specific digestion show
pronounced negative Ce anomalies, but some samples show slightly
positive anomalies. For comparison, Mn oxides in overlying soils show
significant REE enrichment and a significant positive Ce anomaly when
compared with the underlying carbonates and sediments (Fig. 7).

4.2.3. Fractionation of Ce and Y

As discussed above, chondrite normalized spider diagrams (Fig. 7)
reveal that some samples have anomalous Ce and Y contents with
respect to the general REE trend. To quantify these anomalies, we define
Ce anomaly (Ce*) as

* CeN
Ce =2 —
(LaN + PrN)

(Bau and Dulski, 1996) and Y anomaly (Y*) as

_ Yy
- Hoy

where the element with N subscript is the concentration of the REE or Y

in the sample normalized to chondritic values reported by McDonough
and Sun (1995). Values of Ce* and Y* greater or less than one indicate
either enrichment (positive anomaly) or depletion (negative anomaly)
of Ce or Y compared to the other REEs.

Two serpentinite samples from Gumigil have Y* and Ce* values close
to one (Fig. 7; Table S1), but one sample (GUM 19-03) shows significant
anomalies: Y* = 2.1 and Ce* = 0.34 (Fig. 7; Table S1). Magnesite veins
from Gumigil all have positive Y* (Y* spans 1.04-1.88, Table S1). Ce*
for magnesite veins analyzed by total digestion are close to one; Ce*
could not be calculated for samples analyzed by magnesite-specific
digestion because concentrations of La and Pr in the veins are below
the limits of quantification.

The host arkosic sands at Yaamba do not display Ce or Y anomalies.
The Yaamba magnesites have variable Ce*, which spans from slightly
above one to sharply negative values (Ce* spans 0.16-1.17, Table S1).
They also have variable Y*, which spans from slightly below one to
positive values (Y* spans 0.92-1.6, Table S1). Importantly, Ce anomalies
are positively correlated with Mn (Figs. 8 and 9). The correlation be-
tween Ce* with Mn among Yaamba magnesite samples is particularly
noticeable in nodule samples where specific areas (cores and rims) were
microsampled and analyzed by magnesite-specific digestions. Rims that
have elevated Mn concentrations also have higher Ce* values and lower
Y* values than the cores (Figs. 8 and 9). The Fe/Mn-oxides/hydroxides
from Yaamba also show strongly positive Ce* and negative Y* values
(Fig. 7, Table S1).

Among other REEs, Eu is redox sensitive under geological conditions,
transitioning from Eu®' to Eu®" in reducing environments (Sverjensky,
1984). This does not tend to occur under near-surface conditions on
Earth except for in extremely reducing conditions (log fO; < —60:
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Sverjensky, 1984), and unlike Ce and Y, no significant deviations of Eu
compared to other REEs are expressed by trace element data from
Yaamba and Gumigil (Fig. 7).

5. Discussion
5.1. Formation and alteration of magnesite veins at Gumigil

To first order, magnesite veins at Gumigil share many geochemical
features with the serpentine host rock. Serpentinite samples from
Gumigil display low total REE concentrations and a slight MREE
depletion (Fig. 7), similar to other Princhester Serpentinite bodies in the
region (Bruce et al., 2000; Murray, 2007). These REE patterns are
consistent with the signatures of depleted mantle-derived rocks else-
where (e.g., Chen et al., 2019; Lian et al., 2017). The positive Y and
negative Ce anomalies in one of the serpentinite samples (Fig. 7) most

likely results from late-stage weathering effects, including staining and
cementation by Fe/Mn-oxides/hydroxides which tend to preferentially
incorporate oxidized cerium (Ce4+) and reject Y relative to other REEs
(Laveuf and Cornu, 2009; Thompson et al., 2013).

REE patterns in magnesite veins are even more depleted with respect
to chondritic values than the host serpentinites, and they show a more
pronounced MREE depletion and significantly positive Y anomalies
(Fig. 7; Table S1). These REE patterns suggest that metamorphic
magnesite veins formed by Mg?" dissolution during reactive trans-
formation of olivine, orthopyroxene, and clinopyroxene to serpentine,
all of which are minerals present in the Gumigil profile. Relatively
immobile REE (with respect to magnesium) remained in serpentine
alteration products (e.g., Fe-Mn-oxdies/hydroxides), while coexisting
vein magnesites became depleted in those elements. Interestingly, Y
partitioned into the metamorphic or weathering solutions more than
other REEs, enriching the magnesites at Gumigil (Fig. 7). More
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specifically, the positive Y* values of the magnesites may have resulted
from mechanisms associated with supergene or surficial weathering
processes associated with iron oxide formation (e.g., Thompson et al.,
2013) or inheritance of positive Y* values from alkaline fluids during
serpentinization (Kraemer et al., 2021). The fault-bound hierarchical
vein networks of magnesite in the Gumigil serpentinites and their REE
compositions (similar to Gumigil serpentinite: Fig. 7) indicate that veins
formed by rock interaction with metasomatic fluids associated with
serpentinization, rather than by supergene weathering (Iyer et al., 2008;
Uno et al., 2022). This is a key distinction from other magnesite oc-
currences in serpentinites elsewhere in the New England Orogen,
eastern Australia, which are interpreted to have formed in serpentinite
saprolites (Oskierski et al., 2013a; Oskierski et al., 2013b; Oskierski
etal., 2019) or as part of metamorphic aureoles associated with younger
intrusions (Ashley and Brownlow, 1993). However, given that the pos-
itive Y* values are not ubiquitous among Gimigil serpentinites, it is more
likely that they became expressed in magnesites and serpentinites from
Gumigil as a result of supergene alteration.

5.2. Serpentinites as aqueous Mg>" sources in groundwater: elemental
losses and gains during weathering

The progressive enrichment in SiOy and FepOs with simultaneous
depletion in MgO in serpentinites (Fig. 6) is consistent with the expected
lateritization trends documented in the region (Foster and Eggleton,
2002; Wilcock, 2000; Zeissink, 1969). In addition, Gumigil magnesites
become progressively enriched in Si, Ni, and Na, while Mg?* is lost to
weathering solutions (Fig. 6) (Eggleton et al., 2011; Foster and Eggleton,
2002). This is noticeable on pXRF maps showing NaCl-rich (halite) rims
on partially weathered and silicified magnesite veins (Fig. 3h). While Si
enrichment results from local reactions, halite enrichment likely results
from the introduction of marine-derived Na and Cl from atmospheric
aerosols. The coexistence of halite and dolomite exclusively in weath-
ered exteriors of metamorphic magnesite veins also suggests that Ca
only becomes mobile and concentrated in solutions during the late
stages of weathering, when most Mg?* has already been leached from
weathering-prone serpentine, olivines and orthopyroxenes, and rela-
tively more weathering-resilient clinopyroxenes begin to dissolve in the
saline and corrosive NaCl-rich weathering solutions. Calcium released
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from weathering clinopyroxenes migrates downward in the system, and
it metasomatizes the outer walls of metamorphic magnesite veins, pro-
ducing small amounts of supergene dolomite. Importantly, weathering
trends document the massive export of aqueous Mg?" from the serpen-
tinite ridges into the surrounding plains (Foster and Eggleton, 2002).

5.3. The sinks: diagenetic and pedogenic reactions

While magnesites at Gumigil formed during serpentinization of ul-
tramafic rocks at depth, magnesites at Yaamba formed from Mg?*-rich
groundwaters in the near-surface environment. REE patterns clearly
distinguish metamorphic magnesites formed during serpentinization
from the diagenetic magnesites replacing sediments in the basins
(Fig. 7). In contrast with the metamorphic magnesites, diagenetic
magnesites are slightly to significantly enriched in REEs with respect to
chondritic values, show slight LREE and HREE depletion relative to
MREE, and mostly display pronounced negative Ce anomalies (Figs. 7
and 9; Table S1). These results are explained by a model in which
magnesium leached during weathering of serpentinites migrated in
groundwater into the surrounding low-lying sedimentary deposits,
ascended towards the surface in the capillary zone atop an unconfined
aquifer, reacted and dissolved unconsolidated sediments, and replaced
these sediments with diagenetic magnesites. Diagenetic magnesites ac-
quired trace element signatures inherited from the sediments dissolved
to make space for the newly formed carbonates (Fig. 7).

The sediments from Yaamba have far higher REE and Y concentra-
tions than the serpentinites and are LREE enriched compared to a flat
chondrite normalized REE pattern (Fig. 7). This is consistent with
sedimentary and differentiated crustal rocks (e.g., Jiang et al., 2019;
Pourmand et al., 2012; Shkol’nik et al., 2011; Yusheng et al., 2006).
Congruent dissolution of detrital silicates, as is the case for magnesites
replacing arkoses at Yaamba, increases the dissolved REE contents of
local groundwaters. The MREE/HREE ratios (e.g., Dy/Lu) of Yaamba
magnesites span to encompass the values of the host sediments or are
very close (e.g., Dy/Yb), suggesting that the sediments are the primary
source of the REEs in the magnesites.

However, most diagenetic magnesites have lower REE concentra-
tions than the sediments that they replace (Fig. 7). This important
relationship illustrates that the groundwaters responsible for magnesite



C. Swindle et al.

precipitation and sediment dissolution export REEs upwards towards the
surficial, dark, clay-rich vertisol soils at the top of the profile. The strong
negative Ce anomaly in many magnesite samples thus reflects prefer-
ential retention of Ce in Fe/Mn-oxides/hydroxides soil horizons
compared to other REEs. The ascending groundwaters were likely
reducing, circumneutral, and silica-poor fluids that could transport
trivalent Ce. The strongly REE-enriched manganese pisoids in this up-
permost horizon illustrates how upwardly-mobile Ce, REEs and redox-
sensitive elements accumulated in uppermost soils with Mn- and Fe-
oxides (Laveuf et al., 2012; Laveuf and Cornu, 2009; Pédrot et al.,
2015; Ratié et al., 2023). Cyclic fluid flow from the lower to upper ho-
rizons and back during the initial stages of magnesite formation coupled
with the oxidative scavenging of Ce** in the upper horizons by Fe/Mn-
oxides/hydroxides compared to other REEs resulted in the low Ce*
values in the cores of zoned magnesites and high Ce* in the manganese
pisoids.

In addition, the LREE/HREE (e.g., Nd/Yb) ratios of the magnesites at
Yaamba are lower than those of the host sediments (Table S1), which
indicates that LREE fractionation occurs during dissolution of the
arkosic sands or during magnesite precipitation. Lattice-driven prefer-
ential rejection of LREEs may influence the REE signatures of the mag-
nesites (Fernandez-Nieto et al., 2003; Kilias et al., 2006; Lugli et al.,
2000). This is a key distinction between groundwater-formed diagenetic
magnesites and other terrestrial diagenetic carbonates: magnesite pref-
erentially rejects LREEs compared to dolomite and calcite due to the
smaller ionic radius of octahedral Mg?" compared to Ca2* in carbonates
(Fernandez-Nieto et al., 2003; Kilias et al., 2006; Lugli et al., 2000). The
LREE dissolved from the corroding sands appear to remain in the
ascending solutions and eventually coprecipitate with the Fe/Mn-
oxides/hydroxides at the bottom of overlying soil layers.

As the authigenic soil horizon developed atop the sands coincident
with their replacement by magnesite, infiltrating soil fluids began to
interact with groundwaters at the top of the capillary zone. Carbonic or
organic acids produced by vegetation dissolved the redox-sensitive el-
ements enriched in the Mn and Fe-oxides. The descending soil solutions
reacted with the previously formed magnesite nodules. Redox-sensitive
elements from the dissolved oxides became incorporated into pedogenic
alteration rims of the magnesite nodules, which accordingly exhibit
elevated Ce* (sometimes Ce* > 1) and Mn concentrations and low Y*
compared to the diagenetic cores (Fig. 8). Trends in Ce*, Y* and Mn
concentrations in the oxides, magnesites, and host sediments collec-
tively indicate their values in the zoned Yaamba nodules are governed
by the simultaneous precipitation of magnesite under reducing condi-
tions at depth and Mn-Fe-oxides under oxidizing conditions near the
water table. Coupling between magnesite and Mn-Fe-oxide precipitation
is necessary to produce the Ce*, Y*, and Mn trends observed in the
magnesite nodules at depth and the Mn—Fe oxides in soil horizons.

5.4. Cryptocrystalline magnesites as tracers of late-stage retrograde
reactions

The likely corrosive nature of the strongly alkaline fluids (pH > 8.5:
Barakat et al., 2022; Brookins, 1988) that carry excess Mg2+ in solution,
either under metamorphic or supergene conditions, results in the for-
mation of pure MgCO3 devoid of other phases (e.g., silicates, phos-
phates, detrital oxides). Contrary to other diagenetic or supergene
phases such as gypsum or calcite, that often form large crystals,
magnesite in low-grade metamorphic rocks or sedimentary environ-
ments is invariably cryptocrystalline, homogeneous, and pure, but rich
in nanoscale porosity. The porous, cryptocrystalline, and mineralogi-
cally pure magnesite veins and nodules, combined with the chemical
reactivity of carbonates renders these samples as sensitive reaction
vessels that record compositions that reflect the trace element charac-
teristics of solutions that migrate through a magnesite-bearing system
after mineral precipitation. In our study, both metamorphic and diage-
netic magnesites undergo notable late-stage alteration by descending
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weathering solution, which are evident from the pedogenic alteration
rims on magnesite veins and nodules documented by X-ray fluorescence
maps (Fig. 5). Some of the rims become enriched in NaCl (halite) and Ca-
rich supergene magnesite. Negative Ce anomalies and positive Y
anomalies in magnesites, which indicated formation in reducing fluids
that interacted with oxic horizons, become progressively less pro-
nounced in rims than in the pure magnesite cores. Ce anomalies even-
tually become slightly positive, consistent with the re-introduction of
Ce, together with aqueous Mn and Fe, by descending soil solutions
(Fig. 8). Lattice bound Mn in the zoned magnesite nodules increase from
core to rim (Fig. 8). As pedogenic solutions infiltrated into the outer
walls of porous cryptocrystalline magnesite veins or nodules, the solu-
tions reacted with and partially dissolved the diagenetic magnesite and
became alkaline, driving the generation of recrystallized magnesite now
rich in Mn and Ce (Fig. 10).

5.5. Relevance to Mars exploration

The ultramafic highlands and the low-lying fluvial basins of the
Marlborough terrain in Queensland, Australia, are lithologically and
topographically analogous to Jezero crater, Mars. Trace element and
isotopic signatures in chemically distinct carbonate zones in terrestrial
and Martian Mg-carbonates (Eiler et al., 2002; Oskierski et al., 2013b)
could record thermal histories, redox conditions, age, fluid source and
more.

Mg-carbonates exposed in aqueously altered igneous rocks on the
Martian surface, such as those detected and sampled by Perseverance
during the Mars 2020 mission (Clavé et al., 2023; Farley et al., 2022;
Scheller et al., 2022), may host information on the composition and
possible temperatures of the aqueous reactions that produced the car-
bonates. If carbonates were produced by metamorphic reactions within
the host ultramafic rocks, they will have compositions and REE patterns
reflecting those of the hosting ultramafic units, similarly to Gumigil. If
Jezero crater Mg-carbonates were produced from near-surface aqueous
alteration (Stack et al., 2024), they should record Martian redox envi-
ronmental conditions at the time of carbonate precipitation.

For Martian meteorite ALH84001, both 1) thermal histories con-
straining two stages of carbonate formation (~190 °C for concretion
cores and ~ 20 °C for magnesite rims: from Sr/Ca ratios and 5'80) and 2)
geochronological constraints on carbonate precipitation (4.04 + 0.10
Gya from a Pb—Pb isochron and 3.90 + 0.04 Gya from a Rb—Sr iso-
chrons) have been placed (Borg et al., 1999; Eiler et al., 2002). While
concentrations of Y, La, Ce and Nd in ALH84001 carbonates determined
by secondary ionization mass spectrometry indicate that carbonate cores
tend to have lower Ce concentrations relative to other measured REEs
compared to the rims (similar to the cores and rims of the Yaamba
magnesite nodules: see Fig. 8), analytical uncertainties were not well
constrained and no data is presented for the coexisting iron oxides,
complicating the interpretability of the data (Eiler et al., 2002).

REE concentrations in the ALH84001 carbonates are about one to
two orders of magnitude higher than those of magnesite samples from
Gumigil (Eiler et al., 2002). If Martian carbonates in samples retrieved
by Perseverance are compositionally similar to those of ALH84001, low
abundances should not be problematic. Trace element contents of these
magnesites could place constraints on the redox potential of the ancient
Martian atmosphere billions of years ago. As is the case with differen-
tiated and ultramafic rock units on Earth, variability in Martian source
rock must be considered (Deschamps et al., 2013; McLennan, 2001;
Norman, 1999).

If these carbonates formed early in the history of aqueous alteration
of the ultramafic igneous rocks at the Martian surface and have
remained on the Martian surface since their formation, they may also
record post precipitation aqueous events, similarly to that observed at
both Gumigil and Yaamba. For example, the precipitation of atmo-
spherically produced perchlorates (Catling et al., 2010) or dust-derived
sulfur species and their subsequent remobilization by transient water
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cycling would have produced reaction rims on Martian magnesites
similar to those produced by late-stage weathering rims at both Gumigil
and Yaamba. Thus, a 10-cm long drill core of a Jezero crater ultramafic
sample that contains carbonates from the surface down may represent a
reaction vessel that records aqueous conditions at the time of carbonate
precipitation at the bottom, and the compositions of superimposed
aqueous solutions that may have altered the original carbonates at the
near-surface drill-core top. Following the Mars Sample Return mission,
detailed downhole trace element mapping and analyses of Martian
magnesites and co-precipitated phases could shed light on water-rock
interactions and shifts in redox conditions that took place on the
Martian surface throughout the entire history of exposure of the igneous
rocks currently blanketing Jezero crater.

6. Conclusion

The Gumigil and Yaamba mines in Queensland, Australia, represent
sources and sinks for Mg?" ions, respectively. Magnesium sources at
Gumigil are serpentinities and metamorphically produced magnesite
veins. While field observations indicate that magnesites at Gumigil were
produced at depth under high fluid pressures associated with serpenti-
nization, lateritic weathering processes have influenced the trace
element geochemistry of visibly pristine magnesite samples. The trace
element geochemistry of magnesites at Gumigil are compatible with a
metamorphic origin with late-stage alteration by weathering. In
particular, REE geochemistry suggest the formation of magnesite veins
in equilibrium with serpentinites and strongly depleted with respect to
chondritic REE patterns of McDonough and Sun (1995). Aqueous Mg>*
exported from weathering of serpentinites and magnesite veins at
Gumigil and from other serpentinite ridges was introduced into fluvial
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sedimentary basins hosting arkosic sediments sourced from nearby
granitic and metamorphic rocks. As Mg?'-bearing groundwaters
approached the main river draining the region (the Fitzroy River), the
hydraulic head created by differences in elevation between the serpen-
tinite ridges and fluvial plains drove the solutions nearer to the surface.
As Mg?*-bearing groundwaters ascended and evaporated, the fluids
became alkaline, resulting in congruent dissolution of detrital quartz
and feldspars and subsequent precipitation of overlying metal oxides
and authigenic clays in vertisol soils. In the process, sediments were
diagenetically replaced by magnesite, producing magnesite cements,
concretions, nodules, and pinnacles, and authigenic Mg?*-bearing clays
(all magnesium sinks at Yaamba). Trace element geochemistry reveals a
strong influence of dissolving crustal rocks; in particular, chondrite-
enriched REE enrichment with respect to chondritic values of McDo-
nough and Sun (1995) confirm a dominant crustal component contri-
bution to the authigenic magnesites at Yaamba. Magnesite initially
forms diagenetically by ascending reduced solutions that export REEs to
upper horizons. In the upper horizons, Fe/Mn-oxides/hydroxides pref-
erentially retained oxidized Ce compared to other REEs, which remained
in solution as trivalent cations that interacted with the primary car-
bonates via cyclic fluid flow between the lower reduced horizons and the
upper oxidized horizons. Later in the system’s history, descending soil
solutions reintroduce Ce, Mn, and Fe, forming rims with elevated Ce
anomalies on the outer walls of magnesite nodules. The mechanisms of
formation and trace element geochemistry of Gumigil and Yaamba
magnesites provide a useful analog for the formation of Mg-carbonates
at Jezero crater, Mars.
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