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Helium isotopes were measured in hematite and goethite samples from several lateritiric duricrusts (canga)
developed on banded iron formations. These samples uniformly have high 3He concentrations which must
arise from long periods of cosmic ray exposure. From coexisting phases from the Quadrilátero Ferrífero in
east central Brazil, we determined the ratio of cosmogenic 3He in hematite to that of 21Ne in quartz to be
3.96±0.19. Combined with best current estimates of the 21Ne production rate in quartz, this ratio implies
a sea-level high latitude (SLHL) 3He production rate in hematite of 68.1±8.1 atoms/g/yr; from the chemical
composition we estimate the 3He production rate in goethite to be ~5% higher. We use these production rate
estimates to interpret 3He concentrations measured in goethite and hematite from a ~10 m depth profile
collected from a surface canga in Carajás, in the Amazon basin of Brazil. We find that the Carajás canga has
experienced a very low rate of surface erosion (~0.16–0.54 m/Myr) over at least the last few millions of
years. This iron-rich canga surface is remarkably resistant to erosion despite its location in a wet tropical
environment. Details of the depth profile suggest that despite its stability, the canga has also been internally
dynamic (translocation of material; solution and reprecipitation) over million-year timescales.

© 2012 Published by Elsevier B.V.
1. Introduction

One result of pervasive chemical weathering of rock exposed near
earth's surface is removal of soluble elements from the original lithol-
ogy, and precipitation of more thermodynamically-stable oxides [e.g.,
(Anderson et al., 2002; Brimhall et al., 1991; Meybeck, 1987)]. When
the primary lithology is iron-rich, such as a banded iron formation
[BIF; (James, 1983)], and when in a tectonically stable setting, mas-
sive quantities of secondary iron oxides and oxyhydroxides (hereafter
Fe-oxides) can precipitate near the surface. These resulting deposits
of mostly goethite (FeOOH) and hematite (Fe2O3) can form a chemi-
cally stable surface, which is termed “canga”, ferricrete, or ferruginous
duricrust (Dorr, 1964; Harder and Chamberlin, 1915; Mabesoone,
1965; Samama, 1986). Because these massive crusts of iron oxides
are physically strong and chemically stable, they are relatively resis-
tant to erosion such that in some landscapes they define high stand-
ing plateaus (Dorr, 1964; Klein and Ladeira, 2002; Spier et al., 2007;
y Center, 2455 Ridge Road,
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Vasconcelos et al., 1994a), particularly when the landscape is
transport-limited (Carson and Kirkby, 1972).

Chemical reactions associated with deep lateritization are complex
and can occur episodically and over very long periods of time
(Vasconcelos, 1999). The net effect of these reactions is to remove solu-
ble species from chemically reactive rock to produce an insoluble resi-
due that is typically rich in iron and aluminum (Brimhall et al., 1991).
This enrichment process is of great significance in producing some of
the largest high-purity iron deposits on Earth. The processes that result
in canga formation involve partial dissolution of primaryminerals in the
BIFs (e.g., carbonates, quartz, hematite, andmagnetite), collapse and re-
cementation of partially leached BIF fragments, and the precipitation of
multiple generations of supergene Fe-oxides at various points in time
and depth beneath the evolving surface. The near-surface precipitation
of Fe-oxides from solution can occur simultaneously with the down-
ward propagation of a chemical weathering front – possibly at signifi-
cant depths beneath the canga – while increasing permeability into
un-weathered bedrock (Brimhall et al., 1991; Klein and Ladeira, 2002;
Ramanaidou, 2009; Vasconcelos, 1999).

Geochronological methods applied to minerals that precipitate in
the weathering environment constrain the timing of specific chemical
reactions, and hence physical and chemical conditions, leading to their
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precipitation (Vasconcelos et al., 1992; Yapp and Shuster, 2011). For ex-
ample, the 40Ar/39Ar method applied to manganese oxides and sulfates
from Brazil (Vasconcelos et al., 1994b), Africa (Vasconcelos et al.,
1994a), China (Li et al., 2007) and Australia (Li and Vasconcelos, 2002;
Vasconcelos and Conroy, 2003) and the (U–Th)/He system applied to
iron oxides from Brazil (Shuster et al., 2005) and Australia (Heim et
al., 2006) have shown that the precipitation of these phases in deeply
weathered environments has been episodic and that some have existed
throughout at least the Cenozoic (Vasconcelos, 1999; Vasconcelos et al.,
2008).

Despite their stability, lateritic profiles are chemically and physi-
cally dynamic. For example, cosmogenic nuclides have been used to
quantify rates of surface erosion and have revealed changes in depths
and relative positions of clasts due to bio-pedoturbation during pro-
file development [e.g., (Braucher et al., 2000; Brown et al., 1994)].
These studies analyzed quartz so could only be applied to profiles
containing significant quantities of quartz in the regolith. The more
geomorphically notable and economically important canga deposits
tend to contain little quartz, thus motivating our interest in cosmo-
genic 3He production in Fe-oxides. Furthermore, the geo-chemical
and -morphological processes that occur in the lateritic profile and
that result in high-standing topography composed primarily of deep-
ly weathered rocks, and their persistence under wet, tropical condi-
tions remain poorly understood.

The objective of the present study is to develop a geochronological
tool for studying the long-term development and stability of Fe-
oxides produced by chemical weathering near the rock-atmosphere
interface. In this work, we estimate the production rate of cosmogenic
3He in hematite and goethite from cosmogenic 21Ne in coexisting
quartz. To our knowledge the production rate has not previously been
established for either of these phases. We then use observations of
3He in the iron oxides to quantify the surface erosion rate of a ferricrete
duricrust in the Brazilian Amazon.
2. Field sites

2.1. Production rate calibration site selection—Quadrilátero Ferrífero,
Brazil

Although the production rate of cosmogenic nuclides in a mineral
of a given composition can be estimated from element-specific nucle-
ar reaction rates and the cosmic-ray flux (Masarik, 2002; Masarik and
Reedy, 1995), the uncertainty on these estimates is potentially large.
As a result production rates are most often determined empirically.
Because cosmogenic 3He production rates will vary only slightly be-
tween nearby elements in the periodic table, it is reasonable to expect
that the 3He production rate in hematite (Fe2O3) and goethite
(FeOOH) will be similar to the production rates in other iron and tita-
nium bearing oxides such as magnetite and ilmenite. The most de-
tailed empirical work on such phases was done by Kober et al.
(2005), who compared cosmogenic 3He concentrations in FeTi oxides
to 21Ne in coexisting quartz from the Chilean Andes. Based on the
3He/21Ne ratios and an assumed 21Ne production rate in quartz of
20.3 atom/g/yr, these authors estimated an SLHL 3He production
rate in FeTi oxides of 120±11 atom/g/yr, a value they assert is consis-
tent with their reassessment of nuclear cross section data. In contrast,
limited empirical studies by others suggest far lower production rates
of about 70 atom/g/yr for magnetite and ilmenite (Bryce and Farley,
2002; Margerison et al., 2005). The origin of this extremely large dis-
crepancy is unclear. This discrepancy in apparent rate of 3He produc-
tion from Fe is an important motivation for the present work.

For this part of our study our objective was to identify a field site
in which hematite coexists with quartz at earth's surface. Production
rates of cosmogenic 10Be, 26Al and 21Ne production in quartz are in-
dependently known (Dunai, 2010). Thus, measuring the ratio of 3He
in hematite to one or more of these nuclides in coexisting quartz
provides an estimate of the 3He production rate.

During the formation of cangas, most of the fine-grained quartz
present in the BIF (particularly jaspilitic BIFs) is leached away. Fine-
grained hematite and magnetite are also dissolved or hydrated into
supergene goethite. However, BIFs at the Quadrilátero Ferrífero,
Minas Gerais, Brazil, have undergone amphibolite grade metamor-
phism, resulting in coarse-grained hematite, magnetite, and quartz
in a rock commonly known as itabirite. Quartz and hematite in itabir-
ites can be very coarse grained (several centimeters), and some of
these primary phases partially survive the reactions leading to cangas.
Primary quartz and hematite in this lithology are suitable for our
purposes because bothminerals formedwell before exposure to surface
cosmic rays, and experienced identical exposure histories thereafter.

We sampled such coarse-grained vein quartz and coexisting hema-
tite from the Pico Iron Mine (20.1498 S and 43.8762 W, 1560 m
elevation). The sample PIC-06-12 was collected from the upper 5 cm
surface of the canga horizon,whichwas produced by deep lateritization
of the underlying BIF (Spier et al., 2007). Quartz in this sample, analyzed
using standardmethods [see (Stone, 2004) and (Rood et al., 2010)], has
7.496±0.080 Matoms/g cosmogenic 10Be and 42.4±1.0 Matoms/g
cosmogenic 26Al implying simple exposure (Lal, 1991) with an appar-
ent exposure age of 1.4 Ma or steady erosion rate of 100 g/cm2/Ma
(0.37 m/Ma for 2.7 g/cm3 density)—an extremely low erosion rate.
The relationship between stable 3He and radioactive 10Be and 26Al is
strongly dependent on the details of such a long duration exposure,
which are not independently known for this sample. Thus, we cannot
accurately estimate the 3He production rate from these 10Be and 26Al
results.

Therefore, we determined the ratio of 3He in hematite to 21Ne in
quartz, and calculate the 3He production rate by reference to the
known 21Ne production rate in quartz (Balco and Shuster, 2009).
This procedure does not require that the exposure history be
known; it only requires that both hematite and quartz share common
exposure history (as indicated by field relationships and the petrogra-
phy of our sample) and that both nuclides are quantitatively retained.
If we assume that the production ratio P3Hehematite/P21Nequartz does
not vary during exposure, then the concentration ratio is also equal
to the instantaneous production ratio at any time. This assumption
is satisfied if (i) the sample was derived from a surface that was not
eroding, or (ii) the production ratio does not vary with depth below
the surface, which in turn implies that the production ratio is similar
for both high energy neutron spallation and muon interactions. High
nuclide concentrations indicating a surface with an extremely low
erosion rate suggests this assumption is likely valid due to (i) above.
Below, we discuss the possibility that production of 3He in iron oxides
by muons is significantly larger than for 21Ne in quartz; if this were
true, this assumption would cause us to overestimate the surface pro-
duction rate for 3He in hematite.

2.2. Duricrust depth profile—Carajás, Brazil

To interrogate the stability of an Fe-rich duricrust surface, we col-
lected samples from the uppermost ~10 vertical meters of canga ex-
posed in a wall within an open pit mine of the N4C deposit (6.0299
S, 50.2869 W, 720 m elevation) of Carajás in Pará, Brazil. Like the
canga from the Quadrilátero Ferrífero, this canga also resulted from
deep lateritization of an underlying BIF (Klein and Ladeira, 2002),
leading to an iron-rich duricrust. The canga also contains detrital frag-
ments of partially leached BIF and rubble of previously formed canga
bound together by multiple generations of oxyhydroxide cements
(mostly goethite and minor gibbsite). Pure goethite cement is dark
brown to black and composed of nearly 100% vitreous goethite with
minor supergene hematite. A more ochreous and porous cement
often contains various proportions of goethite, hematite, and gibbsite.
In some locations the canga approaches 20 m in thickness (Beisiegel,
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1982). We collected whole-rock samples of the ferruginous duricrust
containing both vitreous and ochreous cements. We also obtained
hematite samples from two drill cores from 80 to 130 m depth to
determine the background 3He in samples shielded from cosmic-rays.

3. Methods

3.1. Sample preparation

Given field and petrographic evidence that our canga samples
were composed of various generations of supergene goethite of various
ages, and knowing that the age of these goethite cements might vary
from several tens of millions of years to a few hundred thousand years
(Vasconcelos, 2008), we targeted only hypogene hematite fragments
for cosmogenic 3He studies. For our production rate calibration, we
extracted fragments of coexisting re-crystallized hematite and quartz
from a particularly coarse-grained fragment of Itabirite from the Pico
site. Inspection by optical microscopy indicates that the sample may
contain more than one generation of metamorphic (or hydrothermal)
hematite, however the hematite and quartz clearly precipitated prior
to onset of chemical weathering, and therefore shared the same surface
exposure. Sub-aliquots of hypogene hematite were hand-picked after
crushing. We prepared quartz separates by crushing to a grain size
smaller than the original mineral grains, heavy liquid separation, and
repeated etching in dilute HF (Kohl and Nishiizumi, 1992); under
normal circumstances this procedure results in 15–20% dissolution,
which adequately removes grain boundary areas possibly enriched in
nucleogenic 21Ne.

Sample selection from the Carajás profile was more complex be-
cause the jaspilites do not survive the weathering processes leading to
cangas. The chalcedonic silica is completely dissolved, and only small
clusters of hematite survive the weathering process. Since jaspilites do
not contain coarse-grained hypogene hematite, we had to sample
grains of supergene goethite and supergene hematite for our cosmo-
genic isotope measurements. From each sample in the Carajás depth
profile, we separated ~20 mg aliquots of either goethite or hematite
for 3He analysis. Pure grains were identified by inspection using optical
microscopy, and goethite and hematite grains differentiated by color
and luster. Equivalent aliquots of the grains selected for 3He measure-
ments were mounted in acrylic blocks, polished, and analyzed by opti-
cal microscopy and scanning electron microscopy to ascertain that the
grains were indeed composed of pure goethite or hematite. The identi-
fication of some grains was also verified by synchrotron XRD analysis.
Becausewe could not isolate pure aliquots of each phase for all samples,
we do not report results from all depths. In the Carajás canga, all of the
goethite is unambiguously supergene. Although every effort was made
to collect pure goethite from a single generation, petrographic investi-
gation reveals that some of the analyzed fragments may contain multi-
ple generations; they may also contain small amounts of hematite.
Likewise, the hematite aliquots may contain multiple generations of
supergene precipitates and possibly fragments of primary hematite.
We separated much smaller aliquots (~10–100 μg) of goethite for (U–
Th)/He analysis. For these smaller aliquots, we couldmore easily isolate
individual generations of goethite; however such samples were more
likely to be later overgrowths, which may be inadvertently biased to
younger generations.

3.2. Helium isotope measurements in hematite and goethite

Aliquots of hematite or goethite ranging from ~4 to 26 mg were
placed within Pt–Ir alloy packets and degassed at 1500 °C (hematite)
or 1000 °C (goethite), under static vacuum using a 70 W diode laser
(Balco and Shuster, 2009; Shuster et al., 2010). After heating, the
extracted volatiles were reacted with a SAES getter and nonreactive
volatiles condensed onto a temperature-controlled cryogenic trap
held at 11 K. Helium was released from the trap at 33 K and analyzed
using the MAP-215 mass spectrometer in the BGC Noble Gas Thermo-
chronometry Lab. The 3He abundance and 3He/4He ratio were mea-
sured using pulse-counting (3He) and Faraday cup (4He) sector-
field mass spectrometry calibrated against reference gas standards
and corrected for blank contributions to 3He and 4He (uncertainties
in blank corrections are propagated into reported uncertainties;
blank corrections were b1%). Abundances were quantified by peak
height comparison to aliquots of a manometrically-calibrated He
standard with known abundance and 3He/4He=6.09×10−4. The
3He sensitivity (typically ~1.6×105 atom/Hz) was constant within
the measurement range of our analyses, verified by analyzing
differently-sized aliquots of the He standard. We observed blank-
level abundances (~0.03 and ~10 Matom for 3He and 4He, respective-
ly) when reheating each sample to the maximum heating tempera-
ture, indicating that all 3He and 4He was extracted.

3.3. Neon isotope measurements in quartz

Four aliquots of quartz from sample PIC-06-12 ranging from ~74
to 135 mg were placed within Ta packets and heated under vacuum
using a 150 W diode laser and a similar pyrometer system as de-
scribed above. To avoid collateral heating of adjacent samples, we
used a step-heating procedure in which we completed one heating
step for all samples in the chamber before moving to a higher-
temperature step.

After heating, the extracted volatiles were processed as above and
Ne was purified and separated from other gasses on a temperature-
controlled cryogenic trap held at 70 K. The purified Ne was analyzed
using the MAP-215 mass spectrometer in the BGC lab. Interferences
on 20Ne and 22Ne from 40Ar++ and CO2

++, respectively, were cor-
rected for by analyzing the 39Ar++/39Ar+ ratio of a spike of 39Ar dur-
ing the analysis of Ne [for full details see (Balco and Shuster, 2009)].
Total amounts of 20Ne and 21Ne were quantified by peak height com-
parison to an air standard. Measurements of the air standard yielded
Ne isotope ratios indistinguishable from atmospheric values. The Ne
sensitivity was verified to be constant within the measurement
range of our analyses by varying the volume of the air standards.

All the analyzed quartz samples yielded Ne isotope ratios
indistinguishable from the cosmogenic-atmospheric mixing line [e.g.,
(Niedermann et al., 1993; Schafer et al., 1999)]. Thus, we computed cos-
mogenic 21Ne concentrations by assuming a two-componentmixture of
cosmogenic and atmospheric components. Finally, repeat analyses of
the CRONUS “A” quartz standard during the period of these measure-
ments yielded a mean of 338.6±5.6 Matoms/g cosmogenic 21Ne.

3.4. (U–Th)/He ages of secondary goethite

In addition to measuring helium concentrations and isotopic com-
positions on large (~20 mg) samples, we also performed (U–Th)/He
dating on few-μg size pieces of goethite from some of the hand sam-
ples from the N4 profile using standard practices (Heim et al., 2006).
Dated pieces were drilled from polished sections and were chosen to
represent to the maximum extent possible a single generation of pure
goethite. These tiny pieces almost certainly do not have the same He
age as the far larger samples analyzed for 3He. The large samples
unavoidably include multiple generations of goethite and possible
small residual fragments of BIF hematite. Potential complications that
arise from these probable impurities are discussed below.

4. Results

4.1. Cosmogenic 3He production rate in hematite from 21Ne in coexisting
quartz

Table 1 shows 3He and 4He concentrations in eight aliquots of he-
matite sample PIC-06-12 from the Pico site. The weighted mean 3He



Table 1
He measurements in hematite sample PIC-08-12.

Sample name Aliquot Aliquot weight
(mg)

Maximum heating temperaturea

(°C)
Heating time
(h)

Total 4He releasedb

(1012 atoms/g)
Total bHe releasedb

(106 atoms/g1)

PIC-06-12 Ab 20.5 1400 0.2 1085+/−54 193+/−17
Ac 23.3 1400 0.2 1057+/−53 195+/−18
Ad 3.8 1400 0.2 795+/−40 239+/−42
Aec 5.2 1500 0.2 520+/−26 201+/−29
Af 5.2 1500 0.2 766+/−38 214+/−38
Agc 27.3 1325 0.2 702+/−35 220+/−25
Ba 20.3 1400 0.2 678+/−34 197+/−19
Bb 22.8 1350 0.2 883+/−44 201+/−16

Notes:
a Followed by re-extraction at 1550 °C that was below detection limit.
b Total uncertainty includes counting uncertainties on all peaks as well as the reproducibility of He signals in the standard.
c Heated in multiple heating steps.
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concentration is 201.3±7.6 Matom/g (Table 1), despite a two-fold
variation in the 4He concentrations and six-fold range in mass. This
is a very high concentration of 3He compared to common minerals
on the earth and so is suggestive of a cosmogenic origin in a sample
with fairly long cosmic ray exposure duration. However, the 3He/
4He ratios are sufficiently low that other 3He sources are possible.
The absence of correlation with 4He (Fig. 1) argues against a trapped
fluid component and the concentrations are too high (and 3He/4He
ratios too low) to arise from trapped atmospheric He. The only alter-
native to a cosmogenic 3He source is nuclear reactions on 6Li, but
these are expected to be negligibly small in cangas (see below).
Coupled with the high 21Ne exposure age obtained on the quartz
sample, we conclude that the 3He in this hematite is cosmogenic.

The weighted mean cosmogenic 21Ne concentration in four aliquots
of quartz from PIC-06-12 is 50.9±1.5 Matom/g (Table 2). Thus, given
the assumptions discussed above, the observed [3He]hematite/[21Ne]quartz
ratio of 3.95±0.19 is equivalent to the production ratio P3Hehematite/
P21Nequartz. Currently, the cosmic-ray-produced nuclide with the best
surface-exposed 
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Fig. 1. Helium isotope concentrations in multiple aliquots of a surface-exposed hema-
tite sample from the Pico iron mine in the Quadrilátero Ferrífero, Brazil. Shown are the
measured 3He and 4He concentrations with ±1 standard deviation. The solid horizon-
tal line is the weighted mean of the 3He concentration (201.3±7.6×106 atom g−1),
with ±1 standard deviation as dotted lines. We find no correlation between [4He]
and [3He].
absolute constraints on the production rate is 10Be; recent calibration
measurements (CRONUS-Earth, unpublished data) and the production
rate scaling scheme of Stone (2000) imply a reference 10Be production
rate at sea level and high latitude of 4.2±0.2 atoms/g/yr. Balco and
Shuster (2009) found that the 21Ne/10Be production ratio is 4.1±0.2.
From these values, their uncertainties and our estimate of 3.95±0.19
for P3Hehematite/P21Nequartz, the reference SLHL production rate for 3He
in hematite is 68.1±8.1 atoms/g/yr. If any of the 3He observed in PIC-
06-12 was not cosmic-ray-produced, the 3He production rate would
be lower.

4.2. Carajás goethite (U–Th)/He ages

Goethite (U–Th)/He ages from the Carajás site support field obser-
vations of multiple episodes of Fe-oxide precipitation. The (U–Th)/He
ages, which we interpret as crystallization ages, range from 0.7 to
41 Ma (Table 3). Two aliquots from each depth in the profile were
analyzed, and while at several depths the two aliquots yield very sim-
ilar ages, in a few cases the two differ greatly. As shown in Fig. 2, there
is no systematic trend of age with depth in the profile. These observa-
tions illustrate the dynamic nature of the canga profile—ongoing dis-
solution and reprecipitation of goethite occurs to at least 10 m depth.
As shown both by the He ages and petrographic examination, the
canga is composed of many goethite generations intimately mixed
even at the scale sampled for (U–Th)/He ages. The canga does not
grow simply from the top downward, but instead experiences multi-
ple stages of internal reprocessing; a similar phenomenon was ob-
served in the Pico canga (Monteiro, 2011).

Importantly, this dissolution and reprecipitation occurred while
the samples simultaneously experienced cosmic ray irradiation. Dis-
solution will release cosmogenic 3He that is ultimately lost from the
profile. Thus, unlike commonly analyzed cosmogenic isotope depth
profiles, we cannot assume that all samples in the profile experienced
the same duration of exposure. Because Fe-oxides may have precipi-
tated at different times and may have been translocated with respect
to one another within the canga, we do not necessarily expect a sim-
ple decaying exponential profile of cosmogenic 3He.

4.3. Carajás 3He depth profile

The concentrations of 3He and 4He in hematite and goethite samples
from the vertical depth profile from Carajás are shown in Table 4 and
Fig. 3. The 3He concentrations in both minerals roughly agree and
generally decrease with increasing depth [Fig. 3(a)]. Maximum surface
concentrations in goethite and hematite approach ~200 and
~300 Matom/g, respectively, and decrease to ~25 Matom/g at 10 m
depth. The 3He concentrations in hematite are scattered, particularly
in the uppermost ~2 m of the profile. Although the 4He concentrations
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showno clear relationshipwith depth, the 4He concentrations in hema-
tite are systematically higher than in goethite [Fig. 3(b)].

5. Discussion

5.1. Production rate of cosmogenic 3He in hematite and goethite

Our empirical 3He production rate is in good agreement with
predictions for Fe2O3 from the model of (Masarik, 2002) (66 atom/
g/yr) and the observations of chemically similar phases by (Bryce and
Farley, 2002) and (Margerison et al., 2005) (~70 atom/g/yr), but clearly
differs from that of (Kober et al., 2005) (123 atom/g/yr). It is important
to note that the possible presence of non-cosmogenic 3He in our hema-
tite would result in an overestimation (rather than underestimation) of
the 3He production rate. At present we have no explanation for this
discrepancy, but we note that Kober et al.'s results also predict 3He
production rates in olivine and pyroxene far higher than others have
observed [e.g., (Fenton et al., 2009)].

Although the model predictions of Masarik (2002) and Kober et al.
(2005) differ in absolute production rates, they agree well in the
production ratio predicted for FeOOH/Fe2O3. The predicted ratios
P3Hegoethite/P3Hehematite of 1.07 (Masarik, 2002) and 1.04 (Kober et
al., 2005), indicate that the 3He production rate in goethite should
be ~5% higher than in hematite or ~72 atom/g/yr at SLHL.

5.2. Carajas goethite He ages

We note two curious features of the (U–Th)/He data from the N4C
profile. First, the U and Th concentrations tend to increase with depth
(Table 3). This suggests that the solution–reprecipitation process may
“leak” U and Th from the profile in percolating groundwater, and the
samples near the surface have experienced more such cycles and
hence are less radioactive. Second, there is a notable positive correla-
tion between (U–Th)/He age and U/Th ratio. One possible explanation
for this observation is that the leakage preferentially removes U, leaving
a lower U/Th ratio in the profile through time (Dequincey et al., 2002).
Further study is required to evaluate this speculative explanation. We
do not expect that the goethite (U–Th)/He ages of very small aliquots
(Table 3) accurately record the age of the larger (probably polygenera-
tional) aliquots analyzed for 3He (Table 4).

5.3. Carajas 3He depth profile

In the following, we discuss three aspects of the observed depth
profile. First, high 3He concentrations at the surface are presumably
cosmogenic in origin. Thus, having estimated the surface 3He produc-
tion rate, we can use these concentrations to estimate the surface
erosion rate. Second, samples between 1 and 10 m depth have signif-
icantly more 3He than expected from spallation alone. We discuss the
possibilities that this could be due to translocation of samples in the
canga or production by cosmic ray muons. Third, hematites from
>80 m depth contain a measurable abundance of 3He that is not
due to cosmic ray interactions (Table 4). We therefore also discuss
possible sources of non-cosmogenic 3He.

If cosmogenic nuclide production is predominantly by high-energy
spallation and a surface is experiencing steady erosion, the erosion
rate is related to the surface nuclide concentration by ė=PΛ/N, where
ė is the erosion rate (g/cm2/yr), P is the production rate (atoms/g/yr),
Λ is an attenuation lengthscale of cosmogenic production [160 g/cm2;
see (Gosse and Phillips, 2001) for discussion], and N is the nuclide
concentration (atom/g) observed at the surface (Dunai, 2010; Lal,
1991). When scaled to the Carajás depth profile site (~6° S, 720 m ele-
vation) according to (Stone, 2000), our estimated 3He production
rates for hematite and goethite are ~70 and ~74 atom/g/yr, respective-
ly. These values, with appropriate corrections for sample depth, an
assumed density of 2.7 g/cm3, and the 3He concentrations observed in



Table 3
(U–Th)/He measurements in goethite samples from N4C depth profile.

Depth
(cm)

Aliquot Aliquot mass
(10−6 g)

U
(ppm)

Th
(ppm)

Total 4He released
(10−9 mol g−1)

(U–Th)/He agea

(Ma)

Goethite 2 a 71 0.13 1.99 0.0024 0.73
2 b 109 0.10 1.70 0.0028 1.02
8 a 97 0.48 1.92 0.0779 15.33
8 b 93 0.41 2.52 0.0290 5.33

30 a 116 0.39 2.67 0.0124 2.23
30 b 50 0.25 1.88 0.0046 1.21
75 a 80 1.50 4.42 0.1562 11.31
75 b 87 1.36 3.12 0.0851 7.46

100 a 26 2.25 9.51 0.2667 10.92
100 b 65 1.95 8.41 0.2774 12.99
140 a 89 0.82 4.74 0.0444 4.22
140 b 88 0.87 5.98 0.1252 10.12
175 a 95 0.51 2.94 0.0539 8.25
175 b 80 0.82 2.88 0.0707 8.68
200 a 13 1.37 5.09 0.5775 41.33
200 b 88 2.12 10.25 0.2652 10.75
300 a 52 1.11 7.60 0.0747 4.74
300 b 96 1.43 10.50 0.0945 4.46
475 a 79 5.90 23.04 0.4912 7.98
475 b 77 5.68 23.66 0.5167 8.45
680 a 90 1.16 2.98 0.1142 11.27
680 b 83 1.79 6.96 0.3122 16.74
955 a 37 3.25 27.92 0.1353 2.54
955 b 66 3.13 29.89 0.1269 2.30
955 c 91 2.58 15.11 0.0633 1.90
955 d 68 2.98 14.82 0.0866 2.46

a Age uncertainty is estimated to be ±10%.
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the near-surface hematite samples (ranging from 83 to 256 Matom/g
after subtracting for a background of 11 Matom/g, as discussed below)
imply steady-state erosion rates of 0.13–0.46 m/Myr. The 3He in the
surface goethite sample (177 Matom/g, corrected for background) im-
plies a steady-state erosion rate of 0.2 m/Myr. These calculations as-
sume that 3He produced by deeply penetrating muons is negligible.
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Fig. 2. Goethite (U–Th)/He ages collected along the N4C vertical depth profile from
Carajás, Brazil plotted against depth below the modern surface.
Below, we discuss the possibility that significant 3He production by
muons may explain observed 3He concentrations at depth; if this
were the case, these calculations would underestimate the true erosion
rates (Balco et al., 2008; Granger et al., 2001; Stone et al., 1998).

Although the 3He concentrations in both minerals generally de-
crease with increasing depth, we find 3He concentrations at depths
>1 m that are significantly higher than predicted solely for spallogenic
production (Fig. 4). An attenuation lengthscale for 3He production by
spallation reactions of 160 g/cm2 (Dunai, 2010) predicts that by a
depth of ~2 m, the 3He concentration should be less than 1/10 of the
surface concentration, or ~20 Matom/g. However, the 3He concentra-
tions do not approach this concentration until a depth of ~10 m. One
possible explanation is that these samples contain significant muon-
produced 3He. Alternatively, the fact that the 3He concentrations do
not monotonically decrease with depth – particularly in the uppermost
~2 m – suggests that the duricrust may be a chemically or physically
dynamic environment over million-year timescales. If so, high 3He
concentrations at depth could have resulted from vertical mixing.

The two hematite samples from 81 to 131 m (Table 4) depth were
shielded from cosmic rays since deposition. Therefore, the observed
3He concentrations at these depths (~6 and ~16 Matom/g, respectively)
provide an estimate of the non-cosmogenic background 3He concentra-
tion at this site, and indicate that the background abundances may vary
between samples. Although this 3He is clearly non-cosmogenic, its
origin is unclear. Also, it is not clear that the background 3He present
in these samples is also present in canga samples b10m below the
surface. Nevertheless as an upper limit we assume that all samples
contain 11Matom/g of non-cosmogenic 3He, or ~4% of the maximum
surface concentration.
5.4. Potential sources of 3He at 2–10 m depth

The 3He that cannot be explained by spallation reactions at 2–10 m
depth may be explained by production by cosmic ray muons, or by
translocation of surface material with prior exposure to greater depth.
In this section we consider both possibilities.
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Table 4
He measurements in hematite and goethite samples from N4C depth profile.

Depth
(cm)

Aliquot Aliquot mass
(mg)

Maximum heating temperaturea

(°C)
Heating time
(h)

Total 4He releasedb

(1012 atoms/g)
Total 3He releasedb

(106 atoms/g)

Hematite 5 ac 15.7 1400 0.5 171.7+/−0.3 94+/−25
5 b 6.9 1400 0.5 61.9+/−0.5 184+/−27
12 ac 21.1 1400 0.5 229.2+/−0.3 255+/−42
12 b 10.3 1400 0.5 105.3+/−0.2 267+/−26
30 ac 15.0 1400 0.5 2133.0+/−1.5 135+/−34
40 ac 24.3 1400 0.5 145.9+/−0.1 300+/−30
75 a 21.7 1400 0.5 115.2+/−0.1 224+/−19
100 a 21.7 1400 0.5 156.9+/−0.2 152+/−16
140 a 22.7 1400 0.5 8.4+/−0.3 29+/−10
175 a 8.2 1400 0.5 156.5+/−0.5 82+/−18
200 ac 18.0 1400 0.5 203.5+/−0.2 145+/−18
300 a 24.0 1400 0.5 152.9+/−0.1 87+/−11
475 a 20.0 1400 0.5 50.7+/−0.3 49+/−8
680 b 23.9 1400 0.5 178.9+/−0.2 83+/−33
955 a 23.2 1400 0.5 40.1+/−0.1 53+/−11
955 b 18.1 1400 0.5 22.3+/−0.1 26+/−7
8105 a 48.8 1400 0.5 n.d. 6+/−2
13,070 a 49.9 1400 0.5 n.d. 16+/−4

Goethite 12 a 7.9 1000 0.3 49.5+/−0.5 188+/−27
75 a 3.9 1000 0.3 32.5+/−1.2 168+/−41
140 a 26.1 1000 0.3 37.1+/−0.2 125+/−11
175 a 16.0 1000 0.3 48.6+/−0.2 120+/−15
300 a 19.7 1000 0.3 30.7+/−0.3 67+/−9
680 a 17.6 1000 0.3 52.1+/−0.1 38+/−8
955 a 13.2 1000 0.3 28.6+/−0.1 26+/−8

Notes:
n.d. is not determined.

a Followed by re-extraction at 1500 °C (hematite) or 1000 °C (goethite) that was below detection limit.
b Total uncertainty includes counting uncertainties on all peaks as well as the reproducibility of He signals in the standard.
c Heated in multiple heating steps.
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First we consider whether the form of the observed depth profile
is compatible with muon production. The 3He concentration in a
deep sample can be estimated from the muon flux at depth, the effec-
tive cross section for a set of 3He-producing muon reactions, and the
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Fig. 3. Helium isotope concentrations in goethite and hematite samples collected along a ve
3He (a) and 4He (b) concentrations in both phases plotted against depth below the modern
total duration of exposure. Although neither the cross sections nor
the exposure duration is independently known, we can choose plau-
sible values of these parameters to predict the form of a depth profile
with a significant amount of 3He produced by muon reactions.
(b)
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rtical depth profile (in the N4C deposit) from Carajás, Brazil. Shown are the measured
surface.
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Fig. 4. A model of cosmogenic 3He production as a function of depth and surface ero-
sion. Observed 3He concentrations in goethite (circles) and hematite (diamonds) are
as shown in Fig. 3. The solid curve was calculated assuming a total 3He production
rate of 74.2 atoms/g/yr in goethite [i.e., our SLHL rate scaled to 6° S and 700 m eleva-
tion, using Stone (2000)], of which 5 atoms/g/yr is due to muon and an erosion rate
of ~25 cm/Myr (i.e., 52 g/cm2/Myr; as suggested by the 3He concentration in near sur-
face goethite) for a duration of 20 Myr since many goethite (U–Th)/He ages approach
20 Ma. The curve was calculated by summing 3He from three sources: (i) the 3He con-
centration due to spallation reactions with an attenuation lengthscale of 160 g/cm2

(dotted line), (ii) the 3He due to muon reactions (dash-dot line), and (iii) a background
(i.e., non-cosmogenic) 3He concentration of 11 Matom/g (dashed line). We computed
subsurface muon fluxes according to the method of Heisinger et al. (2002a,b); as
implemented in Balco et al. (2008), and prescribed arbitrary muon interaction cross
sections to obtain a predicted depth-concentration profile resembling the observations.
These are: 300 μbarn and 100 μbarn cross-sections for 3He production by fast muon in-
teractions at 190 GeV on Fe and O respectively; and total likelihoods for 3He emission
following negative muon capture of 0.025 and 0.0012 for Fe and O, respectively. The
total likelihood is the product fC× fD× f* of Heisinger et al. (2002a) and Heisinger et
al. (2002b); fC is the fraction of muons interacting with the target nucleus, fD is the
probability that the negative muon does not decay before nuclear capture, and f* is
the effective probability of 3He production after negative muon capture. These cross-
sections imply that ~7% of total surface 3He production at this site is due to muons.
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Fig. 4 shows a predicted 3He concentration-depth profile assuming
steady surface erosion and subsurface production by spallation and
muon interactions. Because we do not know the total exposure age of
these samples, the assumed muon interaction cross-section values are
guesses rather than estimates, and are significantly higher than have
been measured for other commonly measured cosmogenic nuclides.
We are unaware of any experimental constraints on these values, but
because 3He is light compared to these nuclides, it appears plausible
that muon interaction cross-sections could be higher.

The form of the depth profile predicted by these assumptions is
consistent with the measured depth profile (Fig. 4). Thus, we find
no evidence against the hypothesis that significant concentrations of
subsurface 3He were produced by muon interactions. If the subsur-
face 3He is due to muon production, the observations require a long
duration of low erosion rate, unless our assumed muon interaction
cross sections are grossly underestimated. As these cross-sections
are already high relative to those for other cosmogenic nuclides, this
is unlikely.
Although muon production provides one possible explanation of
high 3He concentrations at depth, it is possible that these high con-
centrations instead represent samples of material that once resided
closer to the surface (i.e., in the zone of spallogenic production) and
have been transported downward into the weathering profile, per-
haps by bioturbation such as root wedging. Downward translocation
of silt- and clay-sized material is well documented in soil and rego-
lith, and is responsible for, among other things, the presence of 10Be
derived from atmospheric fallout at several meters depth in saprolite
[(Graly et al., 2010) and references therein]. However, we have
measured 3He in individual Fe-oxide particles, not the bulk average
3He concentration at certain depths.

5.5. Potential sources of non-cosmogenic 3He in shielded samples

The 3He observed in samples from 81 to 131 m depth appears to
constitute a background 3He component that cannot have been pro-
duced by cosmic ray interactions or be the result of particle transloca-
tion. Helium-3 can be produced in minerals by several nuclear
reactions and may also be incorporated into Fe-oxides from different
sources. In this section, we consider the magnitude of several possible
sources of 3He that could explain these results.

5.5.1. Cosmic dust
A high flux of 3He is delivered to oceanic sediments in the form of

interplanetary dust particles (IDPs) (Farley, 1995; Merrihue, 1964;
Ozima et al., 1984). Thus extraterrestrial 3He could have been incor-
porated into primary iron oxides when the BIF was deposited at
~2745 Ma (Klein and Ladeira, 2002; Trendall et al., 1998). However,
for such 3He to be observed today, it would need to have been
retained over the life of the deposit. The Carajas formation has expe-
rienced greenschist facies metamorphism (to ~400–500 °C), most
likely at ~1880 Ma (Machado et al., 1991; Teixeira and Eggler, 1994).
The kinetics of 3Hediffusion inphases that host extraterrestrial 3He pre-
dicts complete diffusive loss at these temperatures (Mukhopadhyay
and Farley, 2006).

5.5.2. Nucleogenic 3He produced from Li
The chemical composition of canga is not conducive to the produc-

tion of nucleogenic 3He from the reaction 6Li(n,α)3H→ 3He. The rate
at which 3He is produced by this reaction depends on the Li concen-
tration of the sample and on the production rate of neutrons and
the abundance of elements that compete with Li for the absorption
of neutrons in the rock. In the case of canga, Li contents are low, the
neutron production rate is low, and the abundance of competing
neutron absorbers is fairly high.

As discussed by Andrews and Kay (1982), the production rate of
neutrons in a rock depends mainly on the concentration of U and Th
and of light elements with high (α,n) cross sections such as Na, Al,
Mg, and Si. Canga has very low concentrations of these elements.
We modified the equation of Andrews and Kay (1982) to include
the ordinarily negligible production of neutrons from α-capture by
Fe and O using the production rates from Feige et al. (1968). For the
bulk chemical composition of canga we used data from Pico from
Ramanaidou (2009). We adopted the mean U and Th concentrations
of the N4C goethite samples of 1.7 and 8.9 ppm, respectively. These
values yield a neutron production rate of ~1.5 n/g/yr, which is about
an order of magnitude lower than in typical granite.

To compute the fraction of these neutrons absorbed on Li, we again
assumed the bulk canga composition from Ramanaidou (2009). Several
trace elements have unusually high neutron capture cross sections (e.g.,
B, Gd) yet we do not have measurements for these elements. Rather
than guess values for them we assume the concentration of all
absorbers other than Li and the well-determined major elements Fe,
Al, Si, and O are negligible. This will yield an upper limit to the produc-
tion rate of 3He from 6Li.
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Table 5 shows Li concentrations in our samples. Goethites from
the N4 depth profile above 10 m depth and the surface sample at
Pico have low Li contents, averaging ~90 ppb. This concentration
coupled with the neutron production and absorption characteristics
described above yields a 3He production rate of 46 atom/g/Myr. This
is an extraordinarily low production rate. Even if all of the 3He pro-
duced since the BIF was deposited at ~2745 Ma (Klein and Ladeira,
2002; Trendall et al., 1998) were retained, just 0.1 Matom/g of
nucleogenic 3He would be present in the canga. Thus, 3He production
on Li clearly cannot explain observed concentrations at b10 m depth
in the Carajas depth profile that we have attributed above to either
muon production or particle translocation.

The shielded samples from 81 to 131m at Carajas, presumably be-
cause they are less chemically leached, have higher Li concentrations
(170 and 890 ppm respectively). If these samples also have propor-
tionally higher concentrations of neutron-producing light elements
(Klein and Ladeira, 2002), 3He production from 6Li could be more
than an order of magnitude higher, potentially accounting for a signif-
icant fraction of the ~11 Matom/g of 3He they carry. Evaluating this
possibility requires several quantities we do not yet know, including
the He retention age of the BIF hematite, the concentration of U and
Th, concentrations of neutron producers and absorbers, and the rela-
tive distribution of elements involved in (α,n) reactions.

5.6. Stability of chemical weathering profiles

Our estimate of the cosmogenic 3He production rate in goethite
and hematite allows us to assess the long-term stability of the canga
by quantifying the surface erosion rate. Two basic conclusions about
the Carajás canga arise from the observed 3He concentrations and
the goethite (U–Th)/He ages throughout the profile: (i) the Fe-oxide
duricrust has experienced less than 1 m of surface erosion per million
years, and (ii) the duricrust has been exposed to cosmic ray-induced
3He production for a very long duration, possibly more than 20 My, as
indicated by the oldest goethite (U–Th)/He ages. These interpreta-
tions support the geomorphic observation that high-standing plateaus
of the region are associated with Fe-rich duricrusts, which qualitatively
indicates that the canga has been relatively resistant to physical erosion
(Dorr, 1964; Klein and Ladeira, 2002). A low erosion rate of Fe-rich
canga suggests that, once formed, the hard duricrust provides an armor-
ing effect that preserves the deeply-weathered, more unconsolidated
rocks beneath it. Therefore, this effect has defined the local topography
over the long term.

Previous studies have found significantly higher rates of erosion
(2–9 m/Myr) from 10Be observations in lateritic profiles in tectonical-
ly stable settings in other regions (Braucher et al., 1998a, 1998b;
Brown et al., 1994). Although factors such as local climate and lithol-
ogy influence both the development and preservation of lateritic
profiles, we note that these previous studies investigated lateritic
profiles that are not capped by Fe-rich duricrusts. The much lower
Table 5
Li concentrations in goethite and hematite samples.

Depth
(cm)

Aliquot mass
(mg)

Li
(ppb)

Goethite
(Pico)

0 2.8 37
500 1.6 85

1000 1.5 99
Goethite
(Carajas)

12 1.4 54
30 1.7 156
75 3.3 36

100 1.6 105
475 1.1 71
680 1.7 71
965 1.3 84

Hematite
(Carajas)

8105 1.4 168
13,070 2.0 887
erosion rate at Carajás suggests that it is the high concentration of
Fe in the system that has led to its preservation.

The very low rates of erosion (~0.13–0.46 m/Myr) at Carajás are
especially noteworthy given the site's presently high rainfall rate
(~1500 mm/yr). This provides a clear example of a very low rate of
erosion at a site with essentially zero tectonic activity, but high rain-
fall. Interestingly, Brown et al. (1994) concluded that much higher
erosion rates of 3–8 m/Myr observed in West Africa resulted from a
transition to the present-day dry climate of that region that “stabi-
lized” and preserved the lateritic system. This simple comparison
between sites suggests that local rainfall is not the primary control
on preservation of lateritic profiles.

However, despite the remarkable stability of the Carajás canga, we
also find evidence that the systemhas been physically and/or chemical-
ly dynamic overmillion-year timescales. The 3He concentrations do not
all follow a systematic decrease with depth, particularly near the pre-
sent surface (Fig. 3). For example, some hematite aliquots (e.g., from 5
and 30 cm depths) have 3He concentrations that are significantly less
than proximal samples, while the sample from 140 cmhas a concentra-
tion that is significantly lower than in all other goethite and hematite
samples collected between 100 and 200 cm. Conversely, the hematite
sample at 680 cm has a 3He concentration that is more consistent
with hematite and goethite samples at 200–300 cm. These observations
suggest that positions of at least some oxides have changed relative to
one another and to the surface over time, for example due to biological
activity such as deeply penetrating tree roots, expansion fracturing of
the canga, or translocation associated with burying insects such as
ants and termites. Conversely, the low 3He concentrations of some
minerals in the uppermost 2 m of the profile (Fig. 4) may reflect more
recent precipitation than nearby samples.

Such complexity and episodic precipitation events are expected if
the redox state within the profile had changed over time due to long-
term variability in climate or permeability (Cornu et al., 2009). For
example, transport of organic matter into the profile could provide
locally wet and reducing conditions under which Fe-oxides dissolve. If
the resulting solution migrates into an oxic zone, a secondary Fe-
oxide would precipitate. Even if the canga has remained intact for
millions of years, it may be expected thatmultiple generations of disso-
lution and re-precipitation have occurred. In principle, this preserved
complexity provides a record of the local aridity, humidity, biological
activity and chemistry over millions of years.

6. Conclusions

Our estimate of the cosmogenic 3He production rates in goethite
and hematite provides a tool with which to constrain the surface
exposure age of these minerals, and to study the stability and dynamics
of deep chemicalweatheringprofiles that complements techniques that
establish crystallization ages. Our initial application of this approach to
study a Fe-rich canga atop the deeply weathered Carajás banded iron
formation reveals a very low erosion rate in a tropical setting that is
both tectonically stable and has experienced abundant rainfall. Because
non-cosmogenic 3He is not likely to occur in the Fe-oxides of the Carajás
canga, the oxides are well-suited for cosmogenic 3He measurements. A
depth profile of 3He concentrations suggests either that a significant
proportion of cosmogenic 3He may be produced by nuclear reactions
induced by muons, or that there is significant downward transport of
Fe-oxide particles that were previously exposed near the surface.
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