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A B S T R A C T   

The Urucum area of Brazil hosts a series of Cryogenian ironstones intercalated by oxide-dominated manganese 
layers. The Urucum iron and manganese formations (IF-MnF) are among the largest sedimentary iron and 
associated manganese deposits of the Neoproterozoic, however, the depositional model and the source of metals 
for the IF-MnF in this area are highly controversial. In this study, we performed systematic Fe isotope analysis on 
fresh and geochemically characterized drill core samples of the Urucum iron and manganese formation deposited 
in the center of the ancient Urucum graben system. The samples have a large variation in Fe isotope composition, 
with a δ56Fe range of − 2.04‰ to +0.75‰, and exhibit a general trend of decreasing δ56Fe values with increasing 
manganese contents. The low δ56Fe values of the IF and MnF samples reflect Rayleigh fractionation processes of 
contineous partial oxidation of aqueous Fe(II) prior to deposition at the sampling site. Using a mixing model and 
previously published Nd isotope data on the same samples, we estimated that benthic (i.e., porewaters released 
from submarine sediments in the Urucum basin) Fe fluxes provided 7–50% of total Fe in the Urucum IF-MnF, and 
the rest of Fe source was from low-temperature hydrothermal vents. Based on combined Fe and Nd isotope data 
of the Urucum IF-MnF, we propose that low-temperature hydrothermal fluids and benthic fluxes of pore waters 
were mixed and transported by an upwelling current. The fluid subsequently experienced partial oxidation 
during the transportation process and became enriched in light Fe isotopes. In the Urucum graben basin, the iron- 
and manganese-rich oxides deposition occurred progressively under increasingly oxidizing conditions, and such 
process could have operated repeatedly to produce the alternation of iron and manganese formations. The 
chemical sediments of the Urucum IF-MnF deposits thus reflect the existence of a sharp redox gradient in the 
marine environment during the late Cryogenian period.   

1. Introduction 

The Neoproterozoic was a critical period in geological history as it 
witnessed the break-up of the Rodinia supercontinent during the Tonian 
(e.g., Li et al., 1999), the Snowball (or Slushball) Earth events during the 
Sturtian (715 to 680 Ma) and Marinoan (650 to 635 Ma) ice ages (e.g., 
Hoffman et al., 2017; Hyde et al., 2000), and the early radiation of an-
imal life during the Ediacaran (e.g., Erwin et al., 2011). One important 
geological feature of the Neoproterozoic period was the re-appearance 
of globally distributed banded iron formations (BIFs). Major events of 
BIF deposition occurred in the Archean and Paleoproterozoic with a 
sharp decline of BIF records at 1.8 Ga (Klein, 2005). However, after a 

hiatus of about 1 billion years, the widespread occurrence of BIFs 
resumed in Neoproterozoic successions (Cox et al., 2013; Hoffman et al., 
2017). Development of anoxia and accumulation of Fe2+ in subglacial 
oceans following the development of Snowball Earth have been invoked 
to explain the deposition of BIFs during the Neoproterozoic (Kirschvink, 
1992; Hoffman et al., 2017). After the Snowball Earth events, the global 
distribution of banded iron formations disappeared again as a result of 
more oxygenated and better ventilated oceans. As such, Neoproterozoic 
iron formations are invaluable archives of the redox and chemical 
conditions of the Neoproterozoic oceans that set the stage for the bio-
logical evolution in the “Ediacaran Garden”. 

Among the numerous Neoproterozoic iron formations worldwide, 
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the iron and manganese formations (IF-MnF) in the Urucum area 
(Brazil) are of particular importance. First, the high grade and large 
tonnage of Fe and Mn metals in the Urucum deposits make them eco-
nomic for mining, which is relatively rare for Neoproterozoic iron for-
mations (Angerer et al., 2020). Second, the majority of the BIFs 
deposited during the Cryogenian are related to the Sturtian glaciation 
(Angerer et al., 2020), but the Urucum IF-MnF was likely deposited 
during the younger Marinoan or even Gaskier ice ages (Viehmann et al., 
2016; Hoffman et al., 2011; Piacentini et al., 2013). In other words, the 
Urucum IF-MnF may represent the end of Neoproterozoic iron forma-
tions in the geological record. Third, Mn contents are low (<0.5 wt%) in 
most banded iron formations and layers of manganese oxides are 
generally absent in banded iron formations (Klein, 2005), but iron for-
mations are intercalated with four manganese beds in the Urucum de-
posits (Viehmann et al., 2016; Klein and Ladeira, 2004; Urban et al., 
1992; Walde and Hagemann, 2007). Because Mn2+ has a higher redox 
potential than Fe2+, deposition of Mn oxides generally occurs at the final 
stage of a depositional sequence of iron formations under more 
oxygenated conditions of the ambient atmosphere and hydrosphere 
systems (Tsikos et al., 2010). Therefore, geochemical signatures in the 
Urucum IF-MnF records may be used to delineate the waning stages of 

Neoproterozoic iron formations deposition and track the transition to 
atmospheric oxygen levels comparable to the modern-day. 

The Urucum IF-MnF deposits have been subjected to extensive 
studies targeting syn- and post-depositional genetic aspects, however, 
there are considerable controversies on several aspects of this deposit 
such as the Fe source and depositional model (Angerer et al., 2016; 
Freitas et al., 2011; Urban et al., 1992; Viehmann et al., 2016; Angerer 
et al., 2020); see Walde and Hagemann (2007) for compilation of 
different ore deposit models. Iron isotopes fractionate significantly be-
tween ferric and ferrous phases (e.g., Johnson et al., 2008a, 2008b), and 
have been demonstrated to be a powerful tool to trace the source of Fe 
and the processes of Fe cycling in studies of banded iron formations (e.g., 
Dauphas et al., 2017; Johnson et al., 2008a, 2008b). In this study, we 
performed systematic Fe isotope analysis for a set of geochemically well- 
characterized drillcore samples from the Urucum IF-MnF deposit from 
Viehmann et al. (2016) that were deposited in the center of the ancient 
Urucum graben system. The Fe isotope data provide new insights into 
the formation of the Urucum IF-MnF deposits and allow us to better 
determine their sources in the Late Neoproterozoic Urucum basin. 
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Fig. 1. A. Geotectonic setting of the Urucum deposits, with pink shade showing Brasiliano Paraguay fold belt and the Chiquitos-Tucavaca aulacogen; B. a more 
detailed map of the geology of the Urucum area; C. Stratigraphy of the Urucum area; D. lithocolum of the two drill cores that were analyzed in this study for Fe 
isotopes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
Modified after Viehmann et al. (2016). 
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2. Geological background and samples 

Neoproterozoic iron- and manganese oxide deposits occur in the 
Urucum district, western Brazil (57◦40′W, 19◦20′S), near the border 
between Brazil and Bolivia. The Urucum district is located within the 
NW-SE trending Chiquitos—Tucavaca aulacogen, surrounded by the 
Archaean to Mesoproterozoic Amazon Craton to the northwest, the 
Paleo- to Mesoproterozoic Rio Apa Block to the east, and the Neo-
proterozoic Paraguay Block to the east (Fig. 1A). The Precambrian 
crystalline basement of the Urucum district is composed of meta-
morphosed gneisses that are cross-cut by pegmatitic granite and younger 
mafic dykes (Urban et al., 1992). U–Pb zircon dating of the basement 
granites and granitic dropstones within the IF yielded ages of 1826 ± 4 
Ma and 1847 ± 3 Ma (Viehmann et al., 2016). The crystalline basement 
is unconformably overlain by Neoproterozoic sedimentary successions, 
which can be separated into two groups: (I) the lower Jacadigo Group 
(comprising the Urucum and Santa Cruz Formations) and (II) the upper 
Corumbá Group (Fig. 1C). 

The siliciclastic Urucum Formation is composed of gray-green, fine 
to medium-coarse grained siliciclastic rocks with calcitic cement. The 
transition of the Urucum Formation to the Santa Cruz Formation up 
section is marked by a change in the cementing mineral, ranging from 
carbonates in the Urucum Formation to Fe and Mn oxides in the lower 
Santa Cruz Formation. The lower Santa Cruz Formation (also known as 
Corrego da Pedras Formation) consists of clastic sediments and granular 
iron formations with rare glaciomarine dropstones that are intercalated 
by the first (Mn 1) of four manganese ore horizons. The thickness of Mn1 
horizon varies from 0 to 7 m. The upper Santa Cruz Formation (also 
known as Banda Alta Formation) includes three additional manganese 
ore horizons (Mn 2 to Mn 4) intercalated in ca. 300 m thick iron for-
mation (hematitic jaspilites). The third and fourth manganese ore ho-
rizons (Mn 3 and Mn 4) occur within the hematite-jaspilite succession (e. 
g., Freitas et al., 2011; Urban et al., 1992). 

The stratigraphically overlying Corumbá Group contains Ediacaran 
index fossils such as Corumbella werneri (cf. Walde et al., 2015) and 
comprises of, from older to younger, the Cadiueu Formation, the Cer-
radinho Formation, the Bocaina Formation, the Tamengo Formation, 
and the Guiacurus Formation (Fig. 1C). U–Pb dating of zircon from a 
volcanic ash layer within the Tamengo Formation yielded an age of 543 
± 3 Ma (cf. Walde et al., 2015); more recent age determinations via CA- 
ID-TIMS yield 541.85 to 542.37 Ma for tuff layers in the Tamenga For-
mation (Parry et al., 2017). The age constraints of the Jacadigo Group, 
however, are relatively poor. The 40Ar/39Ar ages for Mn-bearing min-
erals cryptomelane (diagenetic age) and braunite (re-crystallization age) 
are 587 ± 7 Ma and 547 ± 3 Ma, respectively (Piacentini et al., 2013). 
These dates define the minimum depositional age of the iron formations 
at Urucum. 

The samples analyzed in this study were collected from two drill 
cores that drilled through the fresh rocks of the Santa Cruz Formation 
and encounter IF-MnF rocks from the center of the ancient Urucum 
graben system (Fig. 1B & D) that were not subject to supergene alter-
ation. Notably, unweathered rocks of the Santa Cruz Formation are 
extremely rare in outcrops due to the intense and deep-reaching lateri-
zation in the Urucum district. Drill core FDUR0051 is located in the 
Serra do Urucum (Fig. 1B) and encounters Mn ore horizons Mn1 and 
Mn2, jaspilites, and arkoses (Fig. 1D). Drill core FDRK0062 is located in 
the eastern Serra do Rabicho and encounters hematitic and manganese- 
rich arkoses, diamictites, arkoses, siltstones, and jaspilites (Fig. 1D). The 
drill core samples were cut to separate individual Si-, Fe-, and Mn-rich 
IF/MnF mesobands or clastic layers to avoid contamination of 
different lithologies such as microbanded detrital intercalations. The 
positions of samples along the drill core are marked in Fig. 1D; sample 
pictures and drill core logs with individual sample descriptions are given 
in the supplement of Viehmann et al. (2016). Individual macroscopic 
layers of IF and MnF drill cores were cut by a diamond saw and pul-
verized to fine powders in an agate mill. Subsequently, the 

homogeneous powders were analyzed for major and trace elements as 
well as radiogenic Nd isotopes (Viehmann et al., 2016). 

Based on the geochemical characteristics of major and trace ele-
ments, samples of the Neoproterozoic Urucum iron formation can be 
divided into 3 main groups (Fig. 2): 1) iron formation samples with high 
hematite content that are almost free of detrital contamination (pure IF), 
2) iron formation samples that contain detrital (aluminosiliciclastic) 
components (impure IF), and 3) manganese ore samples that contain 
more manganese than iron (MnF, ±detrital contamination). Pure IF 
samples have very low contents of Al2O3, Ti, and Th, which are below 
0.2 wt%, 220 ppm, and 1 ppm, respectively. The impure IF samples and 
manganese ores samples have much higher and variable contents of 
Al2O3 (0.1–8.2 wt%), Ti (50–1700 ppm), and Th (0.5–7 ppm). The 
impure IF samples and manganese ores samples have overlapping Al2O3, 
Ti, and Th contents, however, they are distinct in Fe/Mn ratio, that the 
impure IF samples have Fe/Mn ratio below 5 and the Fe/Mn ratios of 
manganese ores are mostly below 1 (Fig. 2C). Representative sample 
powders of both drill cores covering IF with the intercalated Mn1 and 
Mn2 beds were measured for Fe isotopes in this study. 

3. Analytical methods 

Iron isotope measurements were undertaken at the State Key Labo-
ratory for Mineral Deposit Research, Nanjing University. All chemical 
procedures were performed in a clean room with HEPA filtered air; all 
apparatus, beakers, centrifuge tubes, and pipette tips were acid-washed 
before usage; double-distilled acids and deionized (>18.2 MΩ) water 
were used for experiments. Approximately 5 mg of homogeneous rock 
powder of each sample was weighed and digested in a mixture of 2 mL 
conc. HCl acid and 2 mL conc. HNO3 acid in a Teflon beaker. The beaker 
was subsequently capped tightly and placed on a hotplate at 130 ◦C for 
over 24 h. Then the beaker was uncapped and evaporated at 96 ◦C on a 
hotplate. After drying of the solution, 2 mL conc. HCl was added to the 
beaker and the dissolved samples were heated to dryness again; this 
procedure was repeated twice to convert the metals to chlorides. After 
that, 1.1 mL 7 N HCl was added to the beaker to dissolve the sample, and 
a 0.1 mL aliquot of the dissolved solution was taken and diluted for Fe 
concentration measurement by ICP-OES. Based on the measured Fe 
concentration, an aliquot of the dissolved sample solution that contained 
about 100 μg of Fe was transferred to a new Teflon beaker, dried, and re- 
dissolved in 0.1 mL 7 N HCl before Fe purification. 

Purification of Fe was performed by ion-exchange chromatography 
using 0.2 mL Bio-Rad AG MP-1 resin that was loaded in a custom-made 
shrinkable Teflon column (4 mm ID, 26 mm height). Before usage, the 
resin was pre-cleaned by 1 mL 2% (volume ratio) HNO3 and 1 mL 
deionized H2O (>18.2 MΩ), then conditioned with 2 mL 7 M HCl. After 
loading 0.1 mL sample solution in 7 M HCl onto the resin, the matrix 
elements were eluted off the column using 3 mL of 7 M HCl in 0.5 mL 
increments. Iron was subsequently eluted from the resin using 3 mL of 
2% HNO3. The Fe cut was evaporated to dryness, re-dissolved in 100 μL 
sample in 7 M HCl, and was purified for a second time by repeating the 
anion exchange procedure as described above. The purified Fe was then 
dried and treated with three drops of 30% H2O2 and 2 mL concentrated 
HNO3 to decompose any potential organic matters that were eluted off 
from the resin. Finally, the purified Fe was dissolved in 4 mL 2% HNO3 
for mass spectrometry analysis. Recovery of Fe for the ion exchange 
procedure was monitored for each sample by measuring the Fe contents 
in the purified Fe cut and the matrix element cuts using ICP-OES, and the 
Fe recovery was always >95%. 

Iron isotope ratios were measured on a Neptune Plus MC-ICP-MS at 
Nanjing University. The instrument was running at “wet-plasma”, high- 
mass resolution mode, using a 100 μL/min self-aspirating nebulizer tip 
and a glass spray chamber. Under such a setting, the instrument sensi-
tivity was 4–6 V/ppm on 56Fe+. Molecular interferences of 40Ar14N+ and 
40Ar16O+ on 54Fe+ and 56Fe+ were fully resolved under the high mass 
resolution mode (mass resolving power: 7000–1000). Isobaric 
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interference of 54Cr+ on 54Fe+ was monitored by simultaneous mea-
surement of 53Cr+ signals and was corrected offline. A standard-sample- 
standard bracketing routine was applied for the correction of mass bias 
and instrumental drift. All samples were diluted to 2 ± 0.2 ppm to match 
the concentration of an in-house standard that was constant at 2.0 ppm. 
Each isotope analysis consists of a 40 s measurement of on-peak acid 
blank, and fifty 4-s integrations on the Fe solutions. The internal pre-
cision (2 standard error or 2 SE) was typically better than ±0.03‰ for 
56Fe/54Fe and ±0.05‰ for 57Fe/54Fe. The long-term external repro-
ducibility (2 standard deviation or 2SD) of Fe isotope analysis is better 
than ±0.08‰ in 56Fe/54Fe and ±0.15‰ in 57Fe/54Fe based on repeat 

analysis of multiple Fe isotope standard solutions against in-house stock 
solutions. 

Iron isotope compositions are reported as δ56Fe (in unit of per mil or 
‰) relative to the international standard of IRMM-014: 

δ56Fesample =
[( 56Fe

/ 54Fe
)

sample

/( 56Fe
/ 54Fe

)

IRMM–014 − 1
]
× 1000 

Accuracy of Fe isotope measurements was confirmed by repeated 
measurements of different Fe solution standards and USGS rock stan-
dards that were treated as unknowns with the Urucum IF-MnF samples. 
δ56Fe of two ultrapure Fe solutions from University of Wisconsin- 
Madison, J-M Fe and HPS Fe, are 0.37 ± 0.06‰ (n = 10, 2SD) and 

Fig. 2. Cross plots of major and trace elements for the drill core samples from the Urucum IF-MnF deposit. 
Source data are from Viehmann et al. (2016). 

Table 1 
Iron isotope data for drill core samples from Urucum. Sample ID followed Viehmann et al. (2016). n denotes the number of Fe isotope analysis, and 2SD denotes 2 
standard deviation of the repeated analysis.  

Sample ID Drill core depth (m) Type δ56Fe 2SD δ57Fe 2SD n 

UR51_5 117.95–118.15 Impure IF  − 0.27  0.04  − 0.38  0.12  3 
UR51_10 120.20–120.30 Impure IF  − 0.14  0.06  − 0.18  0.00  2 
UR51_14 120.95–121.00 MnF  − 1.83  0.19  − 2.67  0.22  2 
UR51_15 120.95–121.00 MnF  − 1.93  0.06  − 2.83  0.01  2 
UR51_16 120.95–121.00 MnF  − 1.90  0.11  − 2.76  0.20  2 
UR51_17 121.25–121.35 MnF  − 1.70  0.07  − 2.51  0.10  3 
UR51_20 143.25–143.45 Pure IF  − 0.67  0.02  − 0.97  0.06  2 
UR51_21 143.25–143.45 Impure IF  − 2.04  0.07  − 3.01  0.10  3 
UR51_25 158.25–158.45 Impure IF  − 1.87  0.02  − 2.72  0.02  2 
UR51_30 161.30–161.50 Impure IF  − 0.52  0.03  − 0.73  0.13  2 
UR51_31 161.30–161.50 Impure IF  − 0.55  0.04  − 0.80  0.07  2 
UR51_36 163.15–163.35 Impure IF  − 0.66  0.07  − 0.98  0.13  2 
UR51_40 163.85–164.05 Impure IF  − 0.45  0.06  − 0.64  0.00  2 
UR51_42 163.85–164.05 Impure IF  − 0.57  0.07  − 0.85  0.17  2 
UR51_45 164.55–164.35 MnF  − 1.73  0.06  − 2.53  0.05  3 
UR51_47 164.55–164.35 Impure IF  − 1.35  0.13  − 1.92  0.11  3 
UR51_50 165.00–165.15 MnF  − 1.82  0.06  − 2.61  0.10  3 
UR51_51 165.00–165.15 MnF  − 1.84  0.08  − 2.71  0.10  2 
UR51_52 165.45–165.55 MnF  − 1.69  0.06  − 2.50  0.06  2 
UR51_53 165.45–165.55 MnF  − 1.80  0.08  − 2.66  0.07  2 
UR51_55 166.40–166.50 MnF  − 2.00  0.07  − 2.96  0.04  3 
UR51_56 166.40–166.50 MnF  − 1.75  0.08  − 2.59  0.09  3 
UR51_60 167.25–167.40 Impure IF  0.75  0.15  1.12  0.24  4 
UR51_65 168.10–168.25 Impure IF  0.32  0.11  0.49  0.19  4 
UR51_70 168.75–168.85 Impure IF  − 0.22  0.05  − 0.32  0.02  2 
UR51_75 169.35–169.50 Impure IF  0.44  0.06  0.67  0.12  4 
UR62_10 34.95–35.00 Pure IF  − 1.16  0.13  − 1.67  0.17  3 
UR62_11 34.95–35.00 Impure IF  − 0.58  0.07  − 0.85  0.15  2 
UR62_15 43.70–43.90 Pure IF  − 0.84  0.01  − 1.24  0.08  3 
UR62_16 43.70–43.90 Pure IF  − 0.82  0.11  − 1.19  0.16  4 
UR62_17 43.70–43.90 Pure IF  − 0.77  0.02  − 1.11  0.03  2 
UR62_18 43.70–43.90 Impure IF  − 0.92  0.10  − 1.38  0.13  2 
UR62_25 58.60–58.70 Pure IF  − 1.24  0.08  − 1.83  0.15  3 
UR62_26 58.60–58.70 Pure IF  − 1.15  0.06  − 1.71  0.06  2 
UR62_30 62.25–62.30 Pure IF  − 1.68  0.08  − 2.44  0.16  5 
UR62_31 62.25–62.30 Impure IF  − 1.11  0.13  − 1.64  0.15  2  
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0.58 ± 0.06‰ (n = 7, 2SD), respectively, which are in excellent agree-
ment with the recommended values (0.34‰ for J-M and 0.58‰ for HPS, 
respectively; Beard et al., 2003). In addition, the measured Fe isotope 
compositions of the international whole-rock standards, DNC-1a (δ56Fe 
= 0.02 ± 0.06‰, n = 3), BCR-2 (δ56Fe = 0.11 ± 0.08‰, n = 9), BHVO-2 
(δ56Fe = 0.13 ± 0.05‰, n = 9), BIR-1a (δ56Fe = 0.08 ± 0.06‰, n = 3) 
and DTS-2b (δ56Fe = 0.06 ± 0.08‰, n = 3), are all consistent with the 
recommended values in literature (0.05 ± 0.02‰ for DNC-1, 0.09 ±
0.01‰ for BCR-2, 0.11 ± 0.01‰ for BHVO-2, 0.05 ± 0.0 2‰ for BIR-1a, 
and 0.03 ± 0.01‰ for BTS-2b; Craddock and Dauphas, 2011) within 
analytical uncertainties. 

4. Results 

The samples analyzed from two drill cores show a large variation in 
δ56Fe values, from − 2.04‰ to +0.75‰ (Table 1). δ56Fe values of pure 
IF, impure IF, and MnF samples range from δ56Fe = − 1.68‰ to − 0.67‰, 
− 2.04‰ to 0.75‰, and − 2.00‰ to − 1.69‰, respectively. The high 
δ56Fe values are measured from impure IF samples in the lower part of 
drill core FDUR0051 (Fig. 3), other than that, there is no clear strati-
graphic trend in δ56Fe along the drill core. However, there is a 
remarkable correlation between Fe/Mn ratio and δ56Fe value of the 
samples from both drill cores, and the MnF samples have distinctively 
low δ56Fe values (Fig. 3). 

In a three-isotope space of linearized δ56Fe′ versus δ57Fe′ (Fig. 4), the 
data plot along a linear trend with a best-fit slope of 0.6810 ± 0.010 
(2SD), which is consistent with the theoretical slope (0.6780) that cor-
responds to equilibrium Fe isotope fractionation (Young et al., 2002). It 
should be noted, however, that this slope also marginally overlaps with 
the theoretical slope (0.6720; i.e., Young et al., 2002) when considering 
the 2SD uncertainty for data regression. Nonetheless, the slope data for 
the samples confirms that the Fe isotope analyses were performed 
without impacts of interference. 

5. Discussions 

5.1. Fe isotope variability in the Urucum IF and MnF samples 

Iron isotope variation in chemical sediments could originate from 
isotopic heterogeneity of aqueous Fe2+ (e.g., Li et al., 2015) and isotope 
fractionation during oxidation of Fe2+ (e.g., Johnson et al., 2008a, 
2008b). Iron in banded iron formations can be sourced from hydro-
thermal vents that had δ56Fe values of − 0.5 to 0‰ (e.g., Johnson et al., 
2008a, 2008b), or pore fluids from coastal sediments where bacterial 
iron reduction released Fe2+ with low δ56Fe values (− 0.5 to − 3.5‰) 
(Homoky et al., 2009; Severmann et al., 2006). Although the δ56Fe 
values of the Urucum IF (− 2.04‰ to 0.75‰) and MnF (− 2.00‰ to 
− 1.69‰) samples are mostly within the range of the two potential Fe 

sources, the range of Fe/Mn ratio of potential sources for iron formations 
is rather limited compared to the range of Fe/Mn ratios of the drill core 
samples (Fig. 5A). The Fe/Mn ratio of pore fluids in sediments released 
by bacterial iron reduction varies between 2 and 10 (Haley et al., 2004), 
which is similar to the Fe/Mn ratio (1 to 12) of hydrothermal fluids at 
350–450 ◦C (Pester et al., 2011). Therefore, the Fe isotope variability of 
the Urucum IF and MnF should not be directly inherited from hydro-
thermal and biologically recycled Fe sources by complete single-stage 
Fe2+ oxidation, because such a mechanism cannot account for the 
observed variability of high and low Fe/Mn ratio of the precipitates at 
the same time. This statement is corroborated by the lack of positive, 
shale-normalized Eu anomalies in the Urucum IF-MnF suggesting that 
high-temperature (>250 ◦C), hydrothermal did not affect seawater 
chemistry in the Urucum basin (Viehmann et al., 2016). 

A distinct feature in Fig. 5A is the positive correlation of δ56Fe and 
Fe/Mn (in log scale) for samples with δ56Fe less than − 0.2‰. Such a 
trend can also be found in several Archean and Paleoproterozoic banded 
iron and manganese formations (Fig. 5B) (Tsikos et al., 2010; Kurzweil 
et al., 2016). The similarity in the trends of data on a plot of δ56Fe versus 
log(Fe/Mn) for iron and manganese formations of different ages implies 
that a common process may have governed the variability in both δ56Fe 
and Fe/Mn ratio in iron formations. During partial oxidation of aqueous 
Fe2+, heavy Fe isotopes preferentially partition into the oxidation 
product (e.g., Fe(III)-hydroxides), leading to lower δ56Fe values for the 
remaining aqueous Fe2+ (e.g., Li et al., 2013). On the other hand, due to 
the higher redox potential of Mn4+/Mn2+ relative to that of Fe3+/Fe2+, 
Mn2+ in aqueous solutions is not oxidized when Fe2+ already started to 

Fig. 3. Variability of δ56Fe and Fe/Mn ratios for different types of samples in the two drill cores from the Urucum deposits.  

Fig. 4. Three isotope plot of the linearized Fe isotope data for the Urucum IF 
and MnF samples, the best fitting slope is obtained by the software ‘Origin’. 
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partially oxidize to Fe(III)-hydroxides and is subsequently removed from 
the water body. Even if oxidation of Mn2+ could have occurred above a 
redoxcline, the oxidation product of aqueous manganese (e.g., MnOOH) 
can be readily reduced by Fe2+ in the water body and soft sediment 
below the redox-cline following the equation: MnOOH + Fe2+ → FeOOH 
+ Mn2+ (Tsikos et al., 2010; Kurzweil et al., 2016). As such, the net 
reaction is still partial oxidation of Fe2+ below the redoxcline without 
oxidative removal of Mn2+ from the water body. Therefore, partial 
oxidation under a (semi)closed system conditions would result in the 
decrease of δ56Fe values and the Fe/Mn ratio in the aqueous solution at 
the same time, and subsequent partial oxidation of the remaining fluid 
would magnify the decrease in both δ56Fe and Fe/Mn, following a 
Rayleigh fractionation process. Accordingly, Fe(III)-hydroxides precip-
itated from the evolving fluid would show progressively lower δ56Fe and 
Fe/Mn values (Fig. 5A, B). 

A numeric model is employed to quantitatively understand the co- 
variation in δ56Fe and Fe/Mn values. The model is a Rayleigh-type 
model similar to that has been described in detail by Nie et al. (2020), 
which simulates the progressive partial oxidation of a water mass that 
has an initial δ56Fe value of − 0.5‰ and an initial Fe/Mn ratio of 5. The 
water mass is assumed to experience progressive partial oxidation, with 
an apparent Fe isotope fractionation factor of Δ56Fe (Δ56Fesolid-aq =

δ56Fesolid − δ56Feaqueous) and a Mn partition coefficient of k (k = (Mn/ 
Fe)solid/(Mn/Fe)aqueous) between the Fe(III) hydroxide precipitate and 
the remaining aqueous solution. Selected modeling results for the Fe(III) 
hydroxide precipitate are plotted in Fig. 5, which shows that a Δ56Fe 
fractionation factor of 0.5‰ to 1‰ is required to reproduce the general 
trend (slope) of the majority of the Urucum IF samples. This fraction-
ation factor is remarkably smaller than the equilibrium Fe isotope 
fractionation factor between Fe(III) hydroxide and aqueous Fe(II) (i.e., 
~3‰, Johnson et al., 2008a, 2008b), indicating kinetic isotope frac-
tionation occurred during precipitation of the Urucum IF. Further, to 
cover the majority of the data range of the IF samples by modeling, a 
range of 0.05 to 0.0005 for Mn partition coefficient k is needed as the 
modeling parameter. Such range (two orders of magnitude) of k is un-
reasonably large for the adsorption process in seawater; thus, the Mn/Fe 
ratios of the IF samples were most presumably altered by post- 
depositional processes such as diagenesis. 

The MnF samples plot below the Rayleigh evolution trend defined by 
the majority of the IF samples (Fig. 6). The MnF samples have δ56Fe 
values overlapping with Mn-rich (low Fe/Mn) IF samples but at lower 
Fe/Mn ratios. This is best explained by the dominance of Mn2+ oxidation 
over Fe2+ oxidation in a high redox potential environment, where 
complete oxidation of aqueous Fe2+ occurred and Fe isotope 

Fig. 5. Cross plots of (A) δ56Fe versus Fe/Mn for the IF and MnF samples from the Neoproterozoic Urucum deposits, and (B) two Archean and Paleoproterozoic iron 
formations in literature (Tsikos et al., 2010; Kurzweil et al., 2016). The gray shaded rectangles in plot A represent the ranges of Fe/Mn and δ56Fe values of potential 
iron sources for the Urucum formations (details are given in the discussion). 

Fig. 6. Rayleigh modeling of evolution of the δ56Fe and Fe/Mn ratio of the Fe(III) hydroxide precipitate assuming partial oxidation of a water mass that has an initial 
δ56Fe of − 0.5‰ and an initial Fe/Mn ratio of 5. Plot A shows the results assuming a Δ56Fe fractionation factor of 1‰ and three different k factors; Plot B shows the 
results assuming a Δ56Fe fractionation factor of 0.5‰ and three different k factors. The colored lines denote the trajectory of the modeling results, and the numbers 
below the lines mark the degree of Fe(II) removal by partial oxidation at the corresponding δ56Fe values. 
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fractionation of the water mass stopped. Based on the numeric 
modeling, it is estimated that Mn2+ oxidation started to be the dominant 
process when 90% to 95% of the aqueous Fe(II) was deposited by pro-
gressive oxidation. Additionally, there are three IF samples that have 
intermediate Fe/Mn ratios but high δ56Fe values, plotting outside of the 
general trend for samples with δ56Fe < − 0.2‰ (Fig. 6A). These samples 
are impure IF samples from the strata below the first manganese ore 
horizon (Mn1; Figs. 1, 3). As this strata contains dropstones and glacial 
debris (Walde and Hagemann, 2007; Urban et al., 1992), the anomalous 
δ56Fe-Fe/Mn signatures of the three samples could be caused by mixing 
of materials with high δ56Fe values such as high-Si igneous rocks (Walde 
and Hagemann, 2007; Urban et al., 1992) or Fe(III)-hydroxide pre-
cipitates by early-stage partial oxidation of aqueous Fe(II). 

5.2. Quantifying the contributions of different iron sources to the Urucum 
IF and MnF 

The metal source of Fe and Mn for the ancient Urucum depositional 
system is controversial. Urban et al. (1992) hypothesized that Fe and Mn 
were released from (bacterial) reduction of metal oxides in glacial de-
posits in the lower Jacadigo Group. By contrast, Freitas et al. (2011) 
argued that the metals in the Urucum deposits were sourced from hy-
drothermal activities related to regional faulting and rifting. Angerer 
et al. (2016) suggested that metal sources of hydrothermal and pore- 
water origins both contributed to the Urucum deposits, but gave no 
discussion on the relative contributions of the two sources. Viehmann 
et al. (2016) performed a systematic Nd isotope study on fresh drill core 
samples from the Urucum deposits, and reported significant variations 
in εNdt between basement rocks, IF and MnF samples, dropstones, and 
clastic sediments. The samples in Viehmann et al. (2016) were analyzed 
for Fe isotopes in this study and a combination of the elemental and 
isotopic ratios of Fe and Nd is employed here to constrain the contri-
butions of different iron sources to the Neoproterozoic Urucum 
environment. 

The crystalline basement rock of the Rio Apa block and dropstone 
samples in the Urucum region have initial εNdt values of about − 14, 
whereas the clastic components of the Urucum successions have εNdt 
values of about − 8, similar to detrital components of the Amazonia 
Craton, suggesting that dropstones and clastic sediments in the Urucum 
basin were derived from different provenances (Viehmann et al., 2016). 
If the Fe and Mn in Urucum deposits were sourced from bacterial 
reduction in glacial deposits, the benthic metal flux (i.e., low- 
temperature porewaters released from sediments on the continental 
slope and shelf) from sediments would have εNdt values of − 8 to − 14. 
Such expected εNdt values are significantly lower than the actual 

observed εNdt values of IF and MnF samples, which cluster around − 4 
and − 6 (Viehmann et al., 2016). Therefore, the benthic flux from sedi-
ments cannot be the sole metal source for the Urucum deposits, and an 
additional metal source with εNdt > − 4 must have contributed to the IF 
and MnF at Urucum. The difference between initial εNdt values between 
clastic and chemical sediments reflect IF precipitation from water 
masses that tapped their rare earth element budget from chemical 
weathering of rocks from the nearby Brasilía Belt rather than from local 
hinterland (Viehmann et al., 2016). Notably, no positive Eu anomalies 
are observed in the relatively pure precipitates of the Urucum IF-MnF 
(Angerer et al., 2016; Viehmann et al., 2016; Frei et al., 2017), sug-
gesting that high-temperature hydrothermal fluids did not affect 
seawater chemistry in the Urucum basin (Viehmann et al., 2016). Ac-
cording to Cox et al. (2016), hydrothermal vents from mid-ocean ridges 
and potentially other young mafic rocks had an εNdt value of about +7 
during the Cryogenian. If a more felsic source was involved in producing 
the hydrothermal fluid (i.e., by local faulting as suggested by Freitas 
et al., 2011), then the εNdt of the hydrothermal fluid could be lower, but 
cannot be lower than − 4 at this time in the Urucum basin. 

Mixing of the two sources of iron at different proportions can be 
modeled for Fe and Nd isotopes (Fig. 7). In the mixing model, we firstly 
assume that the benthic iron end member has a δ56Fe value of − 2‰ (a 
typical pore water value; e.g., Johnson et al., 2008a, 2008b) and an εNdt 
value of − 8 to − 14, while the hydrothermal iron end member shows a 
δ56Fe value of 0‰ and an εNdt value of +7 (Cox et al., 2016) (Fig. 7A). 
The Fe/Nd molar ratios for the benthic flux and hydrothermal flux are 
set as 3.4 × 104 and 1.7 × 105, respectively, based on studies of modern 
marine pore fluids (Cox et al., 2016) and low-temperature hydrothermal 
vents (Michard et al., 1993). We use Fe/Nd molar ratio low-temperature 
hydrothermal vent fluid rather than high-temperature hydrothermal 
vent fluid as input parameter because MnF and IF samples from Urucum 
deposits lack positive Eu anomalies similarly to almost all reported 
Neoproterozoic IFs (Viehmann et al., 2015). Because oxidation and 
precipitation of aqueous Fe(II) induces Fe isotope fractionation, but no 
changes in εNdt, the mixing line can still be used to assess the relative 
contribution of Fe in the MnF and IF based on the measured εNdt values. 
As shown in Fig. 7A, Fe from benthic flux contributed 35–50% of total Fe 
in the MnF and IF samples to produce an εNdt of − 4 to − 6, if the benthic 
flux had an εNdt value of − 8. However, if the εNdt value of benthic flux 
was − 14 (similar to that of ambient crystalline basement), then only 
18–23% of Fe in the MnF and IF samples were sourced from benthic flux. 

It should be noted that the εNdt of hydrothermal fluids could be 
lower than +7, and if so, the contribution of benthic Fe to the Urucum IF 
and MnF should also be lower. For example, if the εNdt of hydrothermal 
fluid is set as 0, then the modeling results show that the benthic flux 

Fig. 7. Modeling results of the relation between δ56Fe and εNdt values for a mixture of a hydrothermal fluid (plot A: εNdt = +7; plot B: εNdt = 0) and a benthic flux 
(εNdt = − 8 or − 14 for both plot A and plot B) at different proportions. The percentage data next to the mixing lines denote the percentage of iron of benthic flux 
source in the mixture. For more details of the mixing model, see the text. 
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contributed 7–32% of Fe to the Urucum depositional environment 
(Fig. 7B). Using the mixing modeling as illustrated in Fig. 7, the δ56Fe 
value of the Fe source for the Urucum IF and MnF can be estimated to be 
around − 1‰ to − 0.1‰, i.e., the higher the contribution from benthic Fe 
flux, the lower is the δ56Fe value of the Fe source. In summary, the 
benthic flux contributed a substantial amount (7–50%) of the metals (e. 
g., Fe) to the Urucum IF and MnF; however, low-temperature hydro-
thermal fluids remained to be the dominant source of metals in the 
Urucum IF and MnF deposits. 

5.3. The Urucum depositional model and implications 

Synthesizing the above discussions on the Fe and Nd isotope data, a 
depositional model for the Urucum IF-MnF is envisioned (Fig. 8). 
Deposition of a giant iron formation required a combination of: 1) 
abundant Fe and Mn sources, 2) a mechanism to effectively oxidize 
aqueous Fe and Mn in a relatively confined space, and 3) a stable ocean 
current system to deliver the aqueous Fe and Mn to the location of 
oxidation and precipitation. The Urucum deposits happened to meet all 
of these requirements. The long and narrow graben system associated 
with the Chiquitos—Tucavaca aulacogen hosted a vast amount of clastic 
sediments, which could provide benthic iron and manganese source, and 
faulting and volcanism related to rifting could facilitate hydrothermal 
activity. In addition, the upwelling current and the redoxcline could 
have been stable over a substantial period in an aulacogen setting, and 
the aulacogen could have served as a funnel of upwelling current, which 
provided a continuous source of metals. In a Cryogenian world, the 
ocean was temporarily covered by ice sheets, which cut down the 
interaction between oceans and the atmosphere leading to the devel-
opment of anoxia in deep waters. Low-temperature fluids that were 
discharged from regional fault-induced hydrothermal systems were 
transported to the marine Urucum rift-basin associated with the Chi-
quitos—Tucavaca aulacogen, where thick successions of chemical sed-
iments and glacial debris were deposited. Bacterial iron reduction took 
place in the sediments, supporting a steady Fe- and Mn-bearing benthic 
flux. The two sources of Fe were mixed by an upwelling current, which 
transported the Fe- and Mn-bearing fluids upwards along the shelf of the 
basin. 

Upon deglaciation, the surface water oxygenated due to the thawing 
of the ice cover, and the exchange between seawater and atmosphere 

sustained a redoxcline between the shallow zone of oxidizing environ-
ment and the anoxic deeper basin (Fig. 8). When the metal-bearing fluid 
was transported across the redoxcline, partial oxidation of aqueous Fe 
(II) lead to the removal of isotopically heavy Fe, as well as relative 
enrichment of Mn(II) in the water mass. Finally, the fluid was almost 
depleted in aqueous Fe(II) and the oxidative potential was high enough 
to fully oxidize and precipitate aqueous Mn(II). Therefore, an Fe isotope 
gradient (decreasing δ56Fe upward and laterally) was developed across 
the redoxcline in a (semi-)closed basin system where Fe isotope frac-
tionation can follow a Rayleigh fractionation process (Fig. 8). The gla-
ciomarine environment could have fluctuated over time, and periodic 
retreat and advancement of the redoxcline would result in the repeated 
appearance of manganese ore layers as well as vertical fluctuations in 
δ56Fe within the Urucum iron formations. 

Marine chemical sediments that contain iron oxides as the dominant 
Fe phases (i.e., ironstones and cherts) exhibit a large variation in Fe 
isotope compositions (Fig. 9). The majority of these sediments have 
positive δ56Fe values, which are commonly explained by partial oxida-
tion of aqueous Fe(II) (Johnson et al., 2008a, 2008b; Beard et al., 2003; 
Planavsky et al., 2012). A smaller, but substantial proportion of the Fe- 
oxide-dominated marine chemical sediments show negative δ56Fe 
values that lead to different interpretations. Some researchers suggested 
that the low δ56Fe signatures reflected a Rayleigh process of partial 
aqueous Fe(II) oxidation, in which progressive removal of isotopically 
heavy Fe lead to the depletion of 56Fe in aqueous solution and precipi-
tation of low-δ56Fe Fe oxides (Rouxel et al., 2005; Planavsky et al., 
2012). By contrast, others argued that the low-δ56Fe signatures in Fe 
oxides can be produced by near-quantitative oxidation of Fe(II) released 
by bacterial Fe reduction in sediments (Li et al., 2015; Heimann et al., 
2010; Johnson et al., 2008a, 2008b; Craddock and Dauphas, 2011). 
Despite this dispute, this study on Urucum IF and MnF deposits shows 
that the low-δ56Fe signatures in high-Mn iron formations or manganese 
formations predominantly reflect progressive oxidation of aqueous Fe 
(II), in agreement with previous studies on high-Mn iron formations in 
the Neoarchean and Paleoproterozoic (Tsikos et al., 2010; Kurzweil 
et al., 2016). In particular, the correlation between δ56Fe and Fe/Mn 
ratios is a clear indicator of Rayleigh type partial oxidation processes in 
ancient oceans, and a combination of low δ56Fe (i.e., <− 1.5‰) and low 
Fe/Mn (<10) is a clear fingerprint for highly oxidative marine envi-
ronment. Interestingly, the occurrence of such signatures coincided with 

Fig. 8. A conceptual depositional model for the Urucum IF and MnF deposits.  
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the two oxygenation events (the Great oxidation event and the Neo-
proterozoic oxygenation event) in Earth’s history (Fig. 9). 

6. Concluding remarks 

The following conclusions can be drawn from the here presented Fe 
isotope study of the Late Neoproterozoic Urucum IF-MnF:  

(1) Samples of iron- and manganese- formations from the central 
graben system of the Cryogenian Urucum deposit show a large 
variation in Fe isotope composition, with δ56Fe values ranging 
from − 2.04‰ to 0.75‰. The majority of the samples exhibit a 
positive correlation between δ56Fe values and Fe/Mn ratios, with 
manganese-poor ironstones generally having higher δ56Fe values 
and the manganese ores having lower δ56Fe values. 

(2) Both benthic flux of pore fluids and low-temperature hydrother-
mal fluids contributed to the seawater chemistry in the Urucum 
basin from which the Urucum IF-MnF deposits formed; however, 
over 50% of Fe was sourced from low-temperature hydrothermal 
systems.  

(3) The low δ56Fe values of the IF and MnF samples are primarily a 
result of progressive partial oxidation via Rayleigh-type frac-
tionation of aqueous Fe(II) during its transport to the site of 
deposition.  

(4) Deposition of the Urucum IF and MnF can be explained by a 
deglaciation-oxidation model. In this model, the upwelling Fe(II)- 
rich bottom seawater was progressively oxidized during its 
transport across a redoxcline that was established after marine 
deglaciation. The upwelling current facilitated the oxidation of 
aqueous Fe(II) and Mn(II) and the deposition of ironstones and 
manganese oxides in the Urucum district. 
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