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Hematite is the most abundant surficial iron oxide on Earth
resulting from near-surface processes that make it important for
addressing numerous geologic problems. While red beds have
proved to be excellent paleomagnetic recorders, the early diage-
netic origin of hematite in these units is often questioned. Here,
we validate pigmentary hematite (“pigmentite”) as a proxy indi-
cator for the Late Triassic environment and its penecontempora-
neous origin by analyzing spectrophotometric measurements of a
14.5-My-long red bed sequence in scientific drill core CPCP-
PFNP13-1A of the Chinle Formation, Arizona. Pigmentite concen-
trations in the red beds track the evolving pattern of the Late
Triassic monsoon and indicate a long-term rise in aridity beginning
at ~215 Ma followed by increased oscillatory climate change at
~213 Ma. These monsoonal changes are attributed to the north-
ward drift of the Colorado Plateau as part of Laurentia into the
arid subtropics during a time of fluctuating CO,. Our results refine
the record of the Late Triassic monsoon and indicate significant
changes in rainfall proximal to the Adamanian—-Revueltian biotic
transition that thus may have contributed to apparent faunal and
floral events at 216 to 213 Ma.
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H ematite is usually represented by two phases in rocks, sed-
iments, and soils. One is specularite, with opaque, relatively
large, and commonly euhedral crystals. The other is a fine-
grained, often poorly crystalline phase that provides most of
hematite’s characteristic color. Both are capable of carrying a
magnetic remanence, yet each has a separate characteristic
magnetic coercivity and thermal unblocking spectra (1, 2).
Specularite crystals typically yield a red streak on porcelain
plates that cause the mechanical breakdown of the sample into
small particles: grains with diameters less than 100 nm are gen-
erally orange, those of about 500 nm are red, and sizes around
1,500 nm appear dark purple (3). Visible light reflectance in-
creases and wavelengths get shorter as hematite grain size
becomes smaller, with changes from yellow-red to blue-red ac-
companying increasing diameter (4). The magnetic behavior of
iron oxides is viscous/unstable with decreasing grain size, and
thus, ultrafine (<100 nm) hematite is perhaps unreliable for
paleomagnetic studies (5, 6).

Understanding the origins of these minerals and their timing
of formation within geologic units has been an ongoing pursuit,
and the study of North American red beds has been instrumental
to such inquiries (7-10). Some research has long suggested that
red bed color has had a protracted geologic history and hematite
was formed considerably after the deposition of the host rock
(11). The usefulness of hematite in red beds as a paleoclimate
indicator at the time of deposition, or as a carrier of a pene-
contemporaneous record of the Earth’s magnetic field, is thus
impaired if the hematite formed much later in time through
diagenetic alteration (12). Similarly, red bed paleomagnetic
remanence has been argued to have been acquired through a
chemical remanent magnetization that postdates deposition by
millions or tens of millions of years (13, 14). However,
Triassic—Jurassic hematite-bearing red shales, mudstones, and
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siltstones (as well as magnetite-bearing gray-to-black shales) of
the Newark Basin record magnetozones that represent the po-
larity of the geomagnetic field close to the time of deposition, as
shown by internal comparisons of magnetizations and
20-ky-level cyclostratigraphy (15). This study along with others
suggests that thermal unblocking patterns of coercivity spectra
demonstrate the contribution of detrital specularite to the
characteristic remanence, whereas the red pigment phase has
been shown to carry a paleomagnetic overprint (1, 2, 7, 9, 16).
This has supported the idea that the colorization of the red beds
derives from a secondary diagenetic product, formed sometime
after the specularite acquired characteristic remanence. Newark
Basin—wide lake cycles and polarity magnetozones occur in
consistent mutual stratigraphic relationships at different sites
separated by 4 to 42 km and crosscut red-gray color boundaries
(17) reflecting specular hematite versus magnetite remanence
(15). Recent tests of these interpretations using hematite-bearing
red beds of the Chinle Formation further support a very early
acquisition of the characteristic magnetizations by the spec-
ularite (18, 19). However, color changes of the Newark Basin red
beds have been correlated with sedimentary and moisture cycles
that were caused by orbital climate forcing of the Late Triassic
monsoon (8). This insinuates that at least some of the pigmen-
tary hematite is indeed ancient and may provide a record of how
hydrated a past soil environment was, relating to rainfall.

Red beds of the Chinle Formation of the Colorado Plateau in
Arizona (Fig. 1) are one of the most geographically exposed Late
Triassic terrestrial sedimentary archives of western Pangaea.
These deposits preserve the Adamanian—Revueltian biotic
turnover, involving the largest magnitude faunal and floral
change on land during all but the final part of the Late Triassic
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Fig. 1. (A) Pangaean geography according to a 220-Ma mean composite
paleopole (56) with the Chinle Formation (CPCP, Colorado Plateau Coring
Project) and the Newark Basin (NBCP, Newark Basin Coring Project) indicated
by filled circles connected by arrows to their relative positions at 200 Ma by
open circles (25). (B) Lithostratigraphic unit names, predominant colors, and
thickness of the Chinle Formation in PFNP-core 1A (18, 19, 25). (C) DRS results
showing changes of the position of the characteristic absorption band for
hematite. Note the very good agreement between the red (purple) colors of
the core and wavelengths <550 nm (>550 nm).

(20, 21). Although magneto-chronostratigraphic evidence con-
strains the Adamanian—Revueltian turnover to 216 through 213
Ma (18), its cause and rapidity is still open to debate (22-24).
We studied mudstones of the Chinle Formation in scientific
drill CPCP-PFNP13-1A (hereafter PFNP-core 1A) (Fig. 1B)
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drilled at Chinde Point of the Petrified Forest National Park of
Arizona in the United States (25). Chinle mudstones are over-
printed with paleosols and thought to have been developed
within a fluvial floodplain depositional environment (22, 25, 26).
We acquired diffuse reflectance spectroscopy (DRS) measure-
ments from these paleosol-bearing mudstones to evaluate the
controls on hematite production within the ancient soils. He-
matite variations registered to the core chronostratigraphy pro-
vide details on the timing of monsoonal rainfall changes that can
be compared with other records to reconstruct the environ-
mental history of Late Triassic age strata of the Colorado
Plateau (Fig. 2).

Materials and Methods

The Late Triassic Chinle Formation is largely a record of fluvial deposits ac-
cumulated within a shallow basin originating as a back-bulge of the Cor-
dilleran Arc or postrift passive margin wedge as reviewed in ref. 25. PFNP-
core 1A samples a 335-m-thick stratigraphic succession of nearly all of the
Chinle preserved in the park, including the lower Owl Rock, Petrified Forest,
Sonsela, Blue Mesa, and Mesa Redonda members (Fig. 1B). Floodplain
paleosols within the core are overprinted on fluvio-lacustrine mudstones
that are recognized by the presence of one or more pedogenic features
(i.e., carbonate nodules, slickensides, and clayey and calcified root traces)
and elimination of primary depositional structures such as bedding and
ripples. Levels displaying clear depositional sedimentary structures or well-
sorted sands were not sampled for DRS study. Paleosols in the Chinle For-
mation are largely Inceptisols and Vertisols; however, there is no monotonic
change in paleosol-type up-section, yet Vertisols are common to the Blue
Mesa Member and Aridsols to the Owl Rock (22, 26, 27). Supporting infor-
mation for interpreting the hematite content of the paleosols in the core has
been collected from published studies of the Chinle outcrops (Fig. 2C). Al-
though registry to the cores is not perfect (18, 28), these outcrop studies
provide bulk geochemical analyses of paleosol types identified in the Pet-
rified Forest National Park study area. The data represent a chemical index
of alternation minus the potassium content (CIA-K) that has been parame-
terized to serve as a proxy record of mean annual rainfall for the Late Tri-
assic Colorado Plateau (22, 26).

Chronostratigraphy of PFNP-core 1A (Fig. 2A) has been established pre-

viously by high-precision U-Pb dates on detrital zircons and independently Q:7

by magnetostratigraphic correlations with the time scale of the Newark-
Hartford basins of the northeast United States (18, 19) that are consilient.
The working half of PFNP-core 1A was studied at the Rutgers University Core
Repository, Livingston Campus (Pitscataway, New Jersey). We conducted DRS
measurements of hematite concentrations on 197 separate levels, from a
stratigraphic depth of 21 to 354 m (S/ Appendix, Table S2). The sampled
levels have a median stratigraphic spacing of 1.3 m, and 90% of the 197
levels were spaced between 0.3 and 3.0 m. DRS measurements were taken
on the core face with an integrating sphere, fiber-optically fitted to a
Varian-Cary 50 UV-Vis spectrophotometer. Experimental conditions are de-
scribed in detail in ref. 29. Hematite's double electron excitation of the
magnetically spin-coupled Fe ions within the crystal lattice makes its char-
acteristic wavelength band almost unique as compared to other iron oxides
(30). This phenomenon is referred to as the electron pair transition at a peak
position between 535 and 580 nm (31, 32). The amplitude of the peak in the
second derivative curve was used to interpret the hematite concentration of
the paleosols (S/ Appendix, Fig. S1 and Table S1).

Results

Hematite’s characteristic absorption band varies at ~535 to
570 nm in the lower part of the core but changes to almost
exclusively <550 nm near a stratigraphic depth of 150 m
(Fig. 1C). This reflects a color change from a mixture of purple
and red below ~150 m, to predominantly red and virtually no
purple above this stratigraphic level. Similar color changes are
evident from the color representation of the core lithostratig-
raphy (Fig. 1B), and the stratigraphic order of core photographs

and the CIE values are available at https://osf.io/5vd8u/. Torrent q:8
and Barr6n (32) suggest the wavelength band shifts between %*°

~535 nm and ~570 nm according to the specific surface area of
single hematite grains. As hematite size increases, visible color
lies within the blue-indigo-violet part of the spectrum because
absorption occurs near the wavelength range of yellow. The
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Fig. 2. (A) Magneto-chronostratigraphy of the Chinle Formation in PFNP-core 1A (18, 25). BFB is the stratigraphic position of the Black Forest Bed dated
within the core (19). (B) Second derivative values at ~535 to 570 nm of the intensity of hematite reflectance measured using DRS (this study). The thick red line
is a six-point moving average of the (red circles) measured values. Hematite concentrations increase (more arid) toward the right. The green dashed line is the
interval correlative to the Adamanian-Revueltian (A-R) biotic change (18, 24). The orange star is the date of the Manicouagan impact crater (MIC) (59, 60). (C)
Outcrop data of variations in mean annual rainfall (millimeters) from the CIA-K transfer function, with radioisotopic zircon dates for the BFB and volcani-
clastic horizons in the upper Sonsela Member (22, 26). (D) Hematite data stretched to time using the two accumulation rate intervals of ref. 18, with 1 being
~30 m/My and 2 being ~10 m/My. (E) Mean annual rainfall stretched to time as in D. (F) Chile magnetostratigraphy stretched to time as in D. (G) Late Triassic
and Early Jurassic atmospheric pCO, (57). The gray bars represent the range of possible pCO, values modeled using the z test score distribution from Monte
Carlo simulations, with the red trend line placed by the eye (57). (H) Newark-Hartford astrochronostratigraphic polarity time scale (APTS) (17, 56). The gray
shading indicates the magnetostratigraphic interval (chrons E14 and E15) that constrains the drawdown of pCO, at ~215 to 212 Ma. The gray lines indicate

the interval of the Chinle magnetostratigraphy correlative to the Newark-Hartford APTS.

expression of red/yellowish-red hematite is associated with
smaller grain size and absorption between 535 and 550 nm (32).
Elemental concentrations (SI Appendix, Supplementary Informa-
tion Text and Table S3) suggest our observed trends are not
primarily due to Al substitution for Fe within the hematite
octahedral structure.

The up-core shift to absorption values of <550 nm indicates
reddening and suggests a decrease in hematite grain size, con-
sistent with increasing aridity (33, 34). In accordance with these
changes is the progressive increase of hematite concentration
upwardly through the core (Fig. 2B). The initial onset of this
long-term increase gradually begins within the Sonsela Member,
constrained to about 217 to 213 Ma, and continues into the lower
Owl Rock Member at 209.49 Ma (Fig. 2 A and B). Superimposed
on this trend are a number of cycle-like oscillations that appear
to begin near a stratigraphic core depth of 180 m within the
upper Sonsela Member at ~213 Ma. However, there is a paucity
of (paleosols) DRS measurements between 214.92 and 213.44
Ma, raising the possibility that the changes began earlier. The
amplitudes of the oscillations apparently increase progressively
through time, with the most pronounced changes in amplitude
appearing after ~210 Ma. In the lower part of the core, transient
shifts toward higher hematite concentrations occur near 224.01
Ma (Mesa Redonda Member), 219.29 Ma (Blue Mesa Member),
and at about 215.5 Ma within the mid/lower Sonsela Member
(Fig. 2 A and B).
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The DRS record from the Chinle core (Fig. 2B) shares similar
trends with the Late Triassic record of mean annual rainfall
(Fig. 2C) that is based on the CIA-K data collected in ref. 22
from Chinle outcrops. Each paleoenvironmental record indicates
a long-term shift toward greater aridity beginning near ~215 Ma
(Fig. 2 B and C), and both records demonstrate cycle-like os-
cillations which commence in the upper Sonsela Member and
culminate with large amplitude changes in the Owl Rock
Member. These similarities between the core and outcrop data
indicate that the hematite record captures changes to the Late
Triassic monsoon occurring over the Colorado Plateau. Given
the sensitivity of the Pangaean monsoon to astronomical climate
forcing (8, 35), it is possible that the cycle-like oscillations of
both records reflect changes in precipitation governed by orbital
mechanics. The seemingly abrupt onset of these oscillations and
subsequent amplitude change is currently under consideration,
but it has been suggested that the differential expression of as-
tronomical forcing in Pangaean records may vary with latitudinal
climatic zones (36). The applicability of this hypothesis to our
study is supported by the northward drift of Laurentia and as-
sociated movement of the Colorado Plateau into subtropical
latitudes (Fig. 14), which may also explain the progressive in-
crease of aridity indicated by both records (Fig. 2 B and C).
Regardless of their origins, correlating individual cycle-like os-
cillations between the outcrop and core records is complicated
by changes in sediment accumulation processes across the basin
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(28) and uncertainties in the compilations of local sections (37)
coupled with the lower sample density for the outcrop data.

Another consideration is that portions of the outcrop paleo-
environmental signal may also be affected by diagenetic alter-
ations of various ages. For example, acid tests (22) indicate an
anomalous lack of calcium carbonate in the matrix of paleosols
within an ~20-m interval directly below the Black Forest Bed.
These observations suggest that ancient minerals used to con-
struct the CIA-K may have been leached from the matrix. The
area of sampling is overlain by the Neogene Bidahochi Forma-
tion with its own paleoweathering profile at the contact with
Chinle. This may account for a rather attenuated outcrop pale-
oenvironmental signal derived from paleosols in the upper Pet-
rified Forest Member (Fig. 2C).

It should be noted that the parameterization of the CIA-K
data only affords a reconstruction of mean annual rainfall and
does not possess the resolution to infer seasonality or other
nuanced aspects of a climate regime (38). In contrast, hematite
production is predicted to be strongly linked to seasonal mois-
ture/temperature changes in the soil environment (33, 39). In the
lower part of the formation, increases of hematite near 224.01
Ma (Mesa Redonda) and 219.29 Ma (Blue Mesa) and within the
mid/lower Sonsela at about 215.5 Ma (Fig. 2B) may represent
episodic changes to the seasonality regime that are inherent to
but not obviously expressed by the outcrop record of mean
annual rainfall (Fig. 2C).

Discussion

Red beds of the Chinle Formation contain both specularite and
pigmentite, with the latter often represented by multiple gener-
ations of varying grain sizes and magnetic properties (7, 40). The
paleomagnetic overprint for red beds appears to reside with late
diagenetic components associated with pigmentary hematite
phases (9, 16). There is more uncertainty, however, regarding the
existence of a primary pigmentite phase that may contribute to
the characteristic remanent magnetization. The thermal
unblocking spectra of pigmentary phases overlap with that of the
detrital remanence carried by specularite and may extend up to
temperatures closer to hematite’s Néel temperature (1, 2, 9).
This makes it challenging to deconvolve the pigmentite and
specularite signals and use paleomagnetic data to test for the
presence of primary pigmentite and distinguish it from late
diagenetic phases. Our DRS data indicate pigmentite that
formed close to the time of the initial deposition of the red beds.
If some of this pigmentite has a coarse enough grain size, then it
may have a magnetic remanence that was acquired at nearly the
same time as the characteristic remanent magnetization carried
by detrital specularite grains. Further work integrating DRS and
magnetic methods would help to test these expectations.
Pedogenic hematite derives from the dehydration and solid-
state rearrangement of ferrihydrite and is thus favored by dry/
warm environments (33, 34). Monsoonal climates are amenable
for pedogenic hematite because iron(III) production is facili-
tated by the aeration of soil pore spaces during dry seasons (39)
and aerobic respiration of soil organic material (41). Pedogenic
hematite often is competitive with goethite, which forms out of
solution from Fe ions under more humid conditions (33, 34, 42,
43). No definitive evidence for a goethite presence was indicated
by rock magnetic experiments and thermal demagnetization
patterns for Chinle core samples (18, 19). Goethite and hematite
competition is also constrained by soil pH and organic matter
(44); however, the related effects of temperature, moisture, pH,
and organics are difficult to isolate. In the lower part of the
Chinle Formation when mean annual rainfall was higher, vege-
tation probably increased and caused soil pH to acidify. This
would have been a less favorable environment for pedogenic
hematite (33, 44). On the other hand, when the climate was arid
in the uppermost Sonsela Member, Petrified Forest, and Owl
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Rock members, pedogenic calcium carbonate becomes more
abundant and vegetation was plausibly reduced (22, 27). Calcium
carbonate acts as a buffering agent that stabilizes soil pH. He-
matite fluctuations in the upper part of the formation may
therefore be more of a direct measure of soil temperature/
moisture (45).

The wetting and drying necessary for pigmentite formation
may come from a climate system that is not monsoonal. For
example, soil-formed hematite is common under a Mediterra-
nean climate, often derived from maghemite through a series of
mineral transformations (46). However, this type of midlatitude
climate appears to have been unlikely given that the paleo area
never drifts out of the tropics/subtropics (47). Monsoons pre-
dominate over large continental areas of Earth within these
latitudes (48, 49). It is the seasonality that drives hydrolysis and
the liberation of Fe ions from clays and other silicates. Moisture
is therefore needed to derive the Fe ions that form ferrihydrite.
Seasonal dryness is needed for the desiccation step that forms
pigmentite from ferrihydrite (33). If the climate is too dry or
lacks a prominent wet season, the derivation of Fe ions is sup-
pressed (50, 51).

The timing of the pigmentite formation within soils and its
acquisition of a chemical remanent magnetization is not well
constrained and is an issue receiving ongoing research (2, 52, 53).
Studies on monsoonal/tropical soils suggest that hematite forms

over timescales ranging from seasonal to <100 ky (42, 51, 54, 55). @:11

Given the sedimentation rates calculated for the Chinle For-
mation (about 1 to 3 cm per 1,000 y) (18, 19, 28), the soils are
integrating high-frequency climate changes that we cannot detect
with our methods. Certainly, diachronous soil mineralization
processes are occurring down the soil profile, within the sub-
surface. However, because of the slow sedimentation rate and
the scale of the pigmentite climate trends consistent with the
outcrop record of mean annual rainfall (Fig. 2), we do not
consider that the timing of pigment formation has introduced a
bias into the first-order directional shifts in our record. None-
theless, other factors may be at play, such as the differences in
mudstone composition and the exposure time of floodplains
(i.e., paleosol maturation rates) already noted for the Chinle
Formation (22, 26).

An overall upward increase in hematite concentration through
the core is consistent with interpretations that the Chinle For-
mation records a progressive decline in Late Triassic monsoonal
precipitation (24, 26, 27). This drying has been linked to a rain
shadow caused by orogeny along the Cordilleran magmatic arc
(22). However, northward drift of the Colorado Plateau as part
of Laurentia from humid latitudes of ~7° at 220 Ma into the arid
subtropics (~16°) by nearly 200 Ma (Fig. 14) provides a simpler
mechanism supported by paleolatitudinal data (47, 56). In either
case, what the datasets cannot help to elucidate is whether the
drying trend was a result of decreased wet season rainfall or
increased aridity during the dry seasons, or whether there was a
change in the number and length of wet/dry seasons each year.
Moreover, the CIA-K data (Fig. 2C) are interpreted as a proxy
for mean annual precipitation and therefore are not considered
to give insight into seasonality. That is why the interpretation
that the monsoon “collapsed” (22, 26) is not directly substanti-
ated by the CIA-K data. These data cannot discriminate whether
the climate change derives from a progressively dryer monsoon
or whether the defining aspect of a monsoon (i.e., seasonal
changes in wind vectors) ceased to exist and was replaced by
something different. Our pigmentite record is fundamentally
different from the CIA-K data; as discussed above, the soil-
formed pigmentite has greater sensitivity to the disparities of
soil moisture that arise from monsoonal seasonality. The inter-
pretation that the pigmentite and the CIA-K data carry similar
yet different aspects of the same monsoonal climate may account
from some of the mismatch between the two records, such as
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near the stratigraphic level of the Black Forest Bed (Fig. 2).
Nonetheless, we interpret that the Late Triassic monsoon did not
collapse but monsoonal seasonality remained active, albeit drier,
through upper Chinle deposition. An orographic rain shadow
may have coincided with the already changing monsoon and
exacerbated the mounting disparities between wet and dry sea-
sons but appears to have not been related to a wholesale climate
shift, nor is it necessary, given the phenomena known to
have occurred.

Magnetostratigraphic correlations between the Chinle record
and the Newark—Hartford basins of northeastern North America
demonstrate that the Colorado Plateau aridification covered by
our record was penecontemporaneous with a transient draw-
down and then increase of Late Triassic atmospheric pCO,
(Fig. 2D). While a drawdown is thought to be caused by en-
hanced silicate weathering due to drift of a greater area of
Pangaea into the tropical belt (57), which positions the Colorado
Plateau within the arid subtropics, that mechanism does not
seem consistent with the transient pCO, drawdown at around
210 Ma. In any case, consistency in records between the
Newark—Hartford basins and the Colorado Plateau is expected if
the arid climate shift was due to Pangaea-wide mechanisms, like
continental drift, rather than local orographic effects. Our record
of hematite increase is consistent with a more nuanced scenario
of the interaction between the documented pCO, changes and
the northward drift of this part of Pangaea. As the Colorado
Plateau area drifted from a more humid belt into the semiarid
belt, soil hematite increased but at a relatively low rate as pCO,
dropped (Fig. 2D). As this transient reversed at about 211 Ma,
soil hematite increased at its fastest rate as the effects of in-
creasing pCO, and northward drift aligned in direction. This
scenario could be tested by the study of Chile paleosol sequences
that would be expected to have dropping levels of hematite as
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fects of further northward drift after 209 Ma. An indication that
this might actually be the case is the more purple and drab colors
seen in the overlying Owl Rock Member that fully overlaps in
time with the sustained pCO, drawdown from 209 Ma to 202 Ma,
terminated by the abrupt pCO, rise caused by the eruptions of
the Central Atlantic Magmatic Province (58).

An “Ar/*Ar age of 21540 + 0.16 Ma (59) for the Man-
icouagan impact melt sheet of Canada is within the age range of
the onset of the long-term drying trend at ~215 Ma (Fig. 24 and
B). However, we have difficulty envisioning a simple model of
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enhanced it for over 6 My and also caused the observed hematite
climate oscillations beginning at ~213 Ma. Furthermore, the
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~240 m) might be a possible signature of a bolide impact;
however, it is nonunique because there are other outliers near
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224.01 and 219.29 Ma (Fig. 2 A and B). No remarkable change in
mean annual rainfall coincides with the date of the Manicouagan
impact (Fig. 2C).

Although a detailed chronology for the Adamanian—
Revueltian biotic turnover is yet to be established, as is its precise
correlation to the core, magneto-chronostratigraphic results for
PENP-core 1A constrain the turnover at 216 to 213 Ma (18),
bringing it into closer temporal agreement with the timing of the
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change appears not to be the link between them. The Chinle
climate record provides no compelling evidence of an impact-
induced event between 216 and 213 Ma. The most dramatic
inflections of the hematite climate record are what we interpret
as a gradual increase of aridity starting at ~215 Ma and the onset
of climate oscillations at ~213 Ma. Through this time, the biotic
turnover may have been influenced by monsoonal rainfall
changes derived from the northward tectonic drift of Pangaea
into the arid subtropical latitudes, although a more dramatic
change caused by the Manicouagan bolide impact cannot be
ruled out.

Conclusion

Study of PFNP-core 1A of the Chinle Formation (Arizona) adds
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a valid recorder of the Late Triassic climate history of Pangaea.
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the direct link between the two.
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