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ECONOMIC GEOLOGY

1. IZAGUIRRE Aldo, IRIONDO Alexander, KUNK Michael J. et al.: Tectonic
framework for Late Cretaceous to Eocene quartz-gold vein mineralization from the
Caborca orogenic gold belt Northwestern Mexico. Econ. Geol. 112(6), 2017, 15091529. [aldoizapo@gmail.com]

The Caborca orogenic gold belt is a large gold metallogenic province located
in the North American Cordillera that hosts orogenic gold-bearing quartz veins and
extends from northwestern Mexico into the southwestern United States. The Caborca
orogenic gold belt includes a number of deposits currently in production (e.g., La
Herradura, San Francisco-Llano, El Chanate, Soledad-Dipolos, and Noche Buena) that
combined, contain gold reserves and resources of over 10 million ounces. Extensive
new 40Ar/39Ar geochronology of white micas associated with gold-bearing quartz
veins along the Caborca orogenic gold belt suggests that mineralization developed
rapidly after ∼69 Ma, peaked at ∼61 Ma, and decreased more slowly from 58 to 36
Ma, when it ceased. Triggering of mineralization is closely related to an increase in
the rate of convergence and the subsequent shallowing of the subducted Farallon slab,
which resulted in rapid eastward migration of the magmatic arc toward the continent
during the Late Cretaceous- Eocene Laramide orogeny. Mineralization within the
Caborca orogenic gold belt formed contemporaneously with some other orogenic gold
deposits along the North American Cordillera, including districts in Alaska (e.g.,
Chichagof, Juneau, and Port Wells) and Canada (e.g., Bridge River). After a process
of crustal shortening/thickening during the early compressive stage (∼90-70 Ma) of
the Laramide orogeny, which was also a time for generation of mineralizing fluids, a
process of synconvergent crustal extension started at ∼70 Ma and affected the
Cordillera forearc region in northwestern Mexico as a response to the flat subduction
and the eastward Laramide arc migration. This Laramide synconvergent extension
produced a marked cooling of the thinned crust, which, in turn, generated regional
brittle conditions that facilitated the ascent and precipitation of metal-laden
metamorphic fluids that formed the quartz-gold vein mineralization along the Caborca
orogenic gold belt. Another consequence of the eastward arc migration during the
Laramide orogeny was the generation of contemporaneous Late Cretaceous-Eocene
12
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Cu-Mo porphyry deposits in northwestern Mexico and the southwestern United States.
In this scenario, orogenic gold deposits would have formed in the amagmatic forearc
region, whereas the porphyries would have been generated farther to the east in the
magmatic arc region. In this mineralization model, we interpret that the Caborca
orogenic gold belt area was more uplifted and suffered higher degrees of denudation
(veins formed at depths of ∼4-6 km) than the region of Cu-Mo porphyries that formed
at shallower crustal depths (∼1-2 km). In other words, both coeval mineral belts were
exposed next to each other, even though they represent very different crustal levels.
This crustal level disparity could be explained by a period of intense Eocene to
Oligocene tectonic/crustal denudation that preferentially affected the previously
overthickened forearc region. Perhaps due to isostatic rebound, at least 4 to 6 km of
crustal material from the forearc region was removed until the final exhumation of the
Caborca orogenic gold belt veins occurred, most likely by the Oligocene. Soon after
this

period

of

intense

crustal

denudation,

Oligocene-Miocene

epithermal

mineralization overprinted both the Caborca orogenic gold belt and the porphyry CuMo belt. In addition, supergene alteration of hypogene orogenic mineralization and
supergene enrichment of the porphyry deposits (enriched layers of secondary copper
minerals) increased mineral concentrations due to groundwater level fluctuations
(oxidation reduction cycles) in an arid desert environment that prevailed since the
Miocene. The combination of all these tectonic and climatic factors makes
northwestern Mexico a unique and attractive place in the North American Cordillera
to undertake mineral exploration endeavors.

2.

KINNAIRD Judith A., YUDOVSKAYA Marina, McCREESH Matthew et al. :
The waterberg platinum Group element deposit : atypical mineralization in maficultramafic rocks of the Bushveld Complex, South Africa. Econ. Geol. 112(6), 2017,
1367-1394 [Judith.Kinnaird@wits.ac.za]

The exposed northern limb of the Bushveld Complex forms the eastern part of
a much larger basin, ~160 X –125 km in size based on geophysical data. Within this
basin, the recently discovered ultramafic-mafic succession that extends 24 km
northeast from the Hout River shear zone has been shown to have a Bushveld
13
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intrusion age of 2.06 Ga. The succession is typically 1 km thick, dips west at 34° to
38°, and comprises a basal Ultramafic sequence, a troctolite-gabbronorite-anorthosite
sequence, and an Upper zone. Overlying Waterberg red beds were deposited between
~2.05 and ~1.93 Ma. The basal Ultramafic sequence comprises a lower
orthopyroxenite <60 m thick overlying Archean granite gneisses with an intervening
agmatite, which is interpreted to be remobilized footwall gneiss interfingered with
pyroxenite. The upper portion of the Ultramafic sequence is composed of
serpentinized harzburgite. The troctolite-gabbronorite-anorthosite sequence is <850 m
thick and is dominated by gabbronorites with minor anorthosites at the top and thick
troctolite layers <50 m thick, which are locally pegmatoidal, toward the base. The
boundary with the Upper zone is defined by increased magnetic susceptibility due to
increased cumulus magnetite. The Upper zone of ferrogabbro and magnetite
gabbronorite varies between 0 and 500 m in thickness. Disseminated magnetite is
ubiquitous but magnetitite layers that are characteristic of the Upper zone elsewhere in
the Bushveld Complex are lacking, except in one core from the extreme south of the
project. There are two PGE-Cu-Ni-Au mineralized intervals, a lower F zone and an
upper T zone that vary from 3 to 60 m in thickness. The T zone is restricted to the
southern portion of the project, whereas the F zone extends 17 km along strike. In
both there is a correlation between visible chalcopyrite and pentlandite abundance and
grade of PGE. The F zone of the Ultramafic sequence hosts disseminated sulfides with
accessory chromite. Platinum group minerals (PGM), based on more than 1,000 grains
recovered, are dominated by sperrylite with lesser Pt-Pd bismuthotellurides, Au-Ag
alloys, Pd arsenides, and Pt-Rh sulfoarsenide with a grade of <7 g/t Pt + Pd + Au. The
precious metal budget comprises 64% Pd, 30% Pt, 1% Rh, and 5% Au with 0.16% Ni
and 0.07% Cu. Mineralization occurs over an interval of ~10 m although in the central
portion of the northeasterly oriented body, the “Super F zone” thickens to 60 m, with
grades of 3 g/t over this interval. The T zone occurs in a lithologically variable
sequence close to the boundary between the troctolite-gabbronorite-anorthosite
sequence and the Upper zone. In the south, the T zone is ~30 m thick but increases
northward to >50 m thick. An upper T1 and lower T2 are separated by a barren
middling that is sometimes absent. Grade in both T1 and T2 is indicated as 3.88 g/t Pt
+ Pd + Rh + Au, although locally with up to 14 g/t. PGM are less varied than in the F
zone and are dominated by Pt-Pd bismuthotellurides. Both T1 and T2 zones have a
consistent and unusually gold-enriched metal ratio of ~49% Pd, ~29% Pt, 1% Rh, and
14

Earth Science Abstract

Vol. 41, No.1

21% Au with 0.08% Ni and 0.16% Cu. Neither the T nor F mineralized zones has
direct correlatives in other limbs of the Bushveld Complex. Although there are
comparisons with the Bushveld succession elsewhere, significant differences in
thickness and type of lithologies, geochemistry, and mineralization of this arcuate
intrusion of the Waterberg segment, compared to the eastern, western, and northern
limbs of the Bushveld Complex, suggest that the Waterberg ultramafic-mafic body
may represent a structurally controlled separate compartment north of the Hout River
shear zone.

3. MARTEL Edith : The importance of structural mapping in ore deposits- a new
perspective on the Howard’s Pass Zn-Pb district, northwest territories, Canada. Econ.
Geol. 112(6), 2017, 1285-1304. [edith_martel@gov.nt.ca]

The Howard’s Pass district of the Selwyn basin in eastern Yukon and western
Northwest Territories, Canada, includes a total of 15 sediment-hosted Zn-Pb deposits
and is one of the largest undeveloped Zn-Pb districts in the world. Understanding the
structure is crucial for future exploration efforts and new discoveries. The current
genetic model holds that syngenetic mineralization, exhaled during the Silurian, was
deformed while sediments were still water saturated, and although deformed again
into an open syncline during the Mesozoic Cordilleran orogen, the distribution of the
ore was not significantly affected. Based on recent structural mapping of the entire
district, it is proposed here that the map pattern is primarily controlled by thrusting,
not simply by folding, and forms a duplex structure. Imbricated thrusts root into a flatlying detachment surface, termed the Howard’s Pass décollement, which forms the
floor thrust of the duplex and displays significant ductile strain. Above this floor
thrust, a series of imbricated thrust faults disrupt both mineralization and stratigraphic
succession. Sulfide minerals (galena, sphalerite, and pyrite) are concentrated and
remobilized along a pressure solution cleavage that is well developed in zones of high
strain. The duplex is capped by a flat-lying upper detachment (roof thrust) above
which less shortening has been accommodated. It is suggested here that the duplex
and associated fabrics (pressure solution cleavage, transposition, folds, and faults)
formed 250 to 300 m.y. after deposition of sediments, during Jurassic-Cretaceous
15
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layer-parallel shortening of the Cordilleran orogen, which significantly affected the
distribution of the mineralization.

4. OLGA B. Apukhtina, VADIM S. Kamenetsky, EHRIG Kathy et al.: Early deep
magnetite-fluorapatite mineralization at the Olympic dam Cu-U-Au-Ag deposit, south
Australia. Econ. Geol. 112(6), 2017, 1531-1542. [olgaa@utas.edu.au]

The Olympic Dam iron oxide copper-gold (IOCG)-uranium-silver deposit
(South Australia) is hosted in the large Olympic Dam breccia complex within the
~1.59 Ga Roxby Downs Granite. This breccia complex formed through multiple
stages of hydrothermal activity and texturally destructive brecciation that affected the
granite. The deepest diamond drill hole to date (RD2773, end at ~2,329 m) intersected
weakly altered, insitu brecciated granite (~370–2,329 m) and a quartz-phyric felsic
unit (~2,010–2,265 m). These two rock units host coarse-grained hydrothermal
minerals, from ~2,150 m to the end of the drill hole. The main minerals in this
assemblage are magnetite (± hematite), pyrite, fluorapatite, and quartz, with minor
disseminated chalcopyrite, sericite, chlorite, rare earth element (REE)-fluorcarbonates,
monazite, uraninite, thorite, galena, sphalerite, anhydrite, schorl, rutile, and pyrrhotite.
The assemblage is cut by abundant multiphase veinlets and calcite (± fluorite ± barite)
veins. A zircon U-Pb age for the felsic unit (1591 ± 11 Ma) implies that this unit is
broadly coeval with the granite, whereas U-Pb ages for hydrothermal uraninite
(1593.5 ± 5.1 Ma), fluorapatite (1583.3 ± 6.5 Ma), and hematite (1592 ± 15 Ma)
indicate that deposition of the U-REE–rich hydrothermal magnetite-fluorapatitepyrite-quartz assemblage and replacement of magnetite by hematite occurred soon
after emplacement of the granitic host rocks. Sm-Nd dating of ubiquitous calcite veins
suggests formation at ~1.54 Ga. The deep ~1.59 Ga magnetite-fluorapatite-pyritequartz assemblage at Olympic Dam resembles those characteristic of iron oxideapatite deposits and many other sensu stricto IOCG deposits. This study confirms that
the ~1.59 Ga event involved significant and widespread IOCG mineralization in the
Olympic Cu-Au province.

16

Earth Science Abstract

Vol. 41, No.1

ENVIRONMENTAL GEOLOGY

5. GUOHONG Qiu, TIANYU Gao, JUN Hong et al.: Mechanisms of arseniccontaining pyrite oxidation by aqueous arsenate under anoxic conditions. Geochim.
Cosmochim. Acta 217, 2017, 306-319. [qiugh@mailhzau.edu.cn]

Adsorption and redox reactions occur between arsenic containing pyrite and
arsenate, which alter the migration and conversion of arsenic in soils and waters.
However, the influence of arsenic incorporated in pyrite on the interaction processes is
still enigmatic. In this work, arsenic containing pyrites were hydrothermally
synthesized with composition similar to naturally surface-oxidized pyrites in
supergene environments. The effects of arsenic incorporation on the chemical
composition and physicochemical properties were analyzed, and the interaction
mechanism between arsenic containing pyrites and aqueous arsenate was also studied
within pH 3.0–11.0. Arsenic containing pyrites with the arsenic contents of 0 (Apy0),
4.4 (Apy5) and 9.9 wt. % (Apy10) were produced in hydrothermal systems. As(III)
and As(−I) respectively substituted Fe(II) and S2(−II) in the pyrite and their relative
contents respectively reached 76.6% and 17.2% in Apy5 and 91.0% and 8.0% in
Apy10. Arsenic substitution resulted in a high content of Fe(III) in the form of Fe(III)
S and a decrease in pyrite crystallinity. During the redox processes of arsenic
containing pyrites and arsenate, elemental S0, SO42− and goethite were formed as the
main products with the adsorption of As(III,V), and As(III) was released due to the
collapse of the crystal structure of pyrite and the oxidation of As(−I). Different redox
mechanisms were achieved with pH increasing from 3.0 to 11.0 in the reaction
system. At pH 3.0–6.0, Fe(III) contributed much to the oxidation of arsenic containing
pyrites, and arsenate and released As(III) were adsorbed on the surface of solid
products. At pH 7.0–11.0, aqueous arsenate worked as the major oxidant, and its
oxidation capacity increased with increasing pH. When the pH was increased from 3.0
to 7.0 and 11.0, the release ratio of incorporated arsenic from Apy10 particles
increased from 34.1% to 45.0% and 56.8%, respectively. The present study facilitates
a better understanding about the interaction mechanisms between arsenic-containing
pyrite and arsenate in supergene environments.
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6. XU Ma, ZIDAN Yuan, GOMEZ Mario et al: A qualitative and quantitative
investigation of partitioning and local structure of arsenate in barite lattice during
coprecipitation of barium, sulphate and arsenate. American Mineral. 102(11), 2017,
2512-2520. [yongfeng.jia@iae.ac.cn]

Arsenic (As), barium (Ba), and sulfate (SO42–), coexisting in natural and

mining impacted environments, possibly lead to As-barite coprecipitation. This work
investigated the coprecipitation of Ba2+, SO42–, and AsO43–, As(V) and the
incorporation of As(V) into the barite structure. The As (V) content in the
coprecipitates increased with pH and the initial aqueous As(V) concentration. At pH ≤
5, As(V) was dominantly fixed through isomorphic substitution for SO42– in the barite
structure (<0.32 wt %). At pH > 5, barium (hydrogen) arsenate constituted an
appreciable fraction of As(V)-bearing species in addition to the incorporated As(V).
FTIR spectroscopy indicated that As(V) in the coprecipitate occurred as mixed phases
and the As(V) species incorporated into the barite structure was dominated by
HAsO42– species. EXAFS analysis gave As-O and As-OH bond lengths of 1.67 and
1.75 Å for HAsO42– in barite structure, respectively. The FPMS structural refinement
reproduced well the As K-edge XANES spectrum and gave bond lengths of As-O at
1.63, 1.64, 1.68, and 1.75 Å with an average bond length of 1.68 ± 0.05 Å in HAsO42–
doped barite structure. The findings are of significance for understanding the
geochemical cycle of As in As (V), Ba2+, and SO42– coexisting systems.

EXTRATERRESTRIAL GEOLOGY

7. GODERIS Steven, TAGLE Roald, FRITZ Jorg, et al. : On the nature of the Nirich component in splash-form Australasian tektites. Geochim. Cosmochim. Acta 217,
2017, 28-50. [Steven.Goderis@vub.be]
The Australasian tektite strewn field is exceptional, not only as the largest and
most recent, but also as the only strewn field without an identified source impact
crater. Therefore, scenarios without the formation of an impact crater, such as a low
18
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altitude cometary airburst, have proven hard to discard. Here, new geochemical
evidence is presented for mixing of projectile and target material, which implies the
formation of an Australasian tektite-related impact crater. First, ninety-two
Australasian tektites were grouped according to their Cr, Co and Ni concentrations.
Based on this data, Australasian tektites with the highest Ni contents (>200 μg/g)
occur more than 1500 km south-southeast (SSE) of the northern Indochina region,
with the highest concentration of Ni-rich tektites in South Vietnam, the islands of
Borneo, Belitung, and Java, and reports in literature for Ni-rich tektites in central
Australia. The tektites with the highest Cr and Ni abundances often also show highly
siderophile element (HSE) enrichments of up to 4 ng/g Ir. The most Ni-rich samples
exhibit broadly chondrite-relative HSE proportions. However, a chondritic impactor
contribution appears to be inconsistent with the observed Ni/Cr, Ni/Co, and Cr/Co
ratios. A previously suggested significant terrestrial mantle contribution can also not
explain the siderophile element enrichments in combination with relatively low
FeOtot (<7 wt.%) and MgO (<4 wt.%) contents. Elemental fractionation during impact
cratering or tektite formation by an impactor with a chondritic signature may explain
these observations. Alternatively, a projectile component from a primitive achondrite
may be advocated, with contribution from a mafic to ultramafic extraterrestrial
lithology with a relatively unfractionated HSE signature and Ni/Cr ratio distinctly
higher than those of Earth’s mantle. Element distribution maps obtained from
individual Australasian tektites document complex mingling processes of chemically
distinct melt batches, each exhibiting variable contributions from distinct endmember
compositions. These texturally recorded mingling processes are consistent with highresolution numerical models of impact cratering processes that resolve the growth of
Kelvin-Helmholtz instabilities at the projectile/target interface during impact, when
both materials co-occur at high pressure. These numerical models indicate that Ni-rich
tektite populations across the central part of the Australasian tektite strewn field could
represent projectile-enriched material preferentially ejected downrange. Continued
tracing of this Ni-rich component across the strewn field may help to constrain the
location of the yet to be identified source crater of the Australasian (micro) tektites.
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GENERAL GEOLOGY

8. MANN Adam: Cataclysm’s end. Nature 553(7689), 2018, 393-395. [Oakland,
California]
Early in Earth’s history, roughly half a billion years after the planet formed, all
hell broke loose in the inner Solar System. A barrage of asteroids some the size of
Hong Kong -pummelled the globe intensely enough to melt large parts of its surface.
This incendiary spree around 4 billion years ago vaporized most of Earth’s water and
perhaps even sterilized its exterior, killing off any life that might have started to
emerge. Only after this storm of impacts passed did the planet become safe enough for
hardy organisms to take firm root and eventually give rise to all later life. That horrific
episode, known as the Late Heavy Bombardment (LHB), has been an integral part of
Earth’s origin story for decades, ever since geologists did a systematic study of
samples brought back from the Moon by NASA Apollo missions. But now, the oncepopular theory has come under attack, and mounting evidence is causing many
researchers to abandon it. A growing community of planetary scientists thinks that
things quietened down relatively quickly, with a steadily decreasing rain of asteroids
that ended a few hundred million years after Earth and the Moon formed.

GEOCHEMISTRY
9. JIN Liu, QINGYANG Hu, DUCK Young Kim et al.: Hydrogen-bearing iron
peroxide and the origin of ultralow-velocity zones. Nature 551(7681), 2017, 494-497.
[hmao@gl.ciw.edu]
Ultralow-velocity zones (ULVZs) at Earth’s core-mantle boundary region
have important implications for the chemical composition and thermal structure of our
planet, but their origin has long been debated. Hydrogen-bearing iron peroxide
(FeO2Hx) in the pyrite-type crystal structure was recently found to be stable under the
conditions of the lowermost mantle. Using high-pressure experiments and theoretical
calculations, we find that iron peroxide with a varying amount of hydrogen has a high
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density and high Poisson ratio as well as extremely low sound velocities consistent
with ULVZs. Here we also report a reaction between iron and water at 86 gigapascals
and 2,200 kelvin that produces FeO2Hx. This would provide a mechanism for
generating the observed volume occupied by ULVZs through the reaction of about
one-tenth the mass of Earth’s ocean water in subducted hydrous minerals with the
effectively unlimited reservoir of iron in Earth’s core. Unlike other candidates for the
composition of ULVZs, FeO2Hx synthesized from the superoxidation of iron by water
would not require an extra transportation mechanism to migrate to the core-mantle
boundary. These dense FeO2Hx-rich domains would be expected to form directly in
the core-mantle boundary region and their properties would provide an explanation for
the many enigmatic seismic features that are observed in ULVZs.

10. STOLPER Daniel A. and KELLER C. Brenhin: A record of deep-ocean dissolved
O2 from the oxidation state of iron in submarine basalts. Nature 553(7688), 2018,
323-327. [dstolper@berkeley.edu]
The oxygenation of the deep ocean in the geological past has been associated
with a rise in the partial pressure of atmospheric molecular oxygen (O2) to nearpresent levels and the emergence of modern marine biogeochemical cycles. It has also
been linked to the origination and diversification of early animals. It is generally
thought that the deep ocean was largely anoxic from about 2,500 to 800 million years
ago, with estimates of the occurrence of deep-ocean oxygenation and the linked
increase in the partial pressure of atmospheric oxygen to levels sufficient for this
oxygenation ranging from about 800 to 400 million years ago. Deep-ocean dissolved
oxygen concentrations over this interval are typically estimated using geochemical
signatures preserved in ancient continental shelf or slope sediments, which only
indirectly reflect the geochemical state of the deep ocean. Here we present a record
that more directly reflects deep-ocean oxygen concentrations, based on the ratio of
Fe3+ to total Fe in hydrothermally altered basalts formed in ocean basins. Our data
allow for quantitative estimates of deep-ocean dissolved oxygen concentrations from
3.5 billion years ago to 14 million years ago and suggest that deep-ocean oxygenation
occurred in the Phanerozoic (541 million years ago to the present) and potentially not
until the late Palaeozoic (less than 420 million years ago).
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GEOMORPHOLOGY, QUATERNARY GEOLOGY

11. DeLONG Stephen B., HILLEY George E., PRENTICE Carol S. et al.:
Geomorphology, denudation rates and stream channel profiles reveal patterns of
mountain building adjacent to the San Andreas fault in northern California, USA.
Geol. Soc. America Bull. 129(5-6), 2017, 732-749. [sidelong@usgs.gov]
Relative horizontal motion along strike-slip faults can build mountains when
motion is oblique to the trend of the strike-slip boundary. The resulting contraction
and uplift pose off-fault seismic hazards, which are often difficult to detect because of
the poor vertical resolution of satellite geodesy and difficulty of locating offset datable
landforms in active mountain ranges. Sparse geomorphic markers, topographic
analyses, and measurement of denudation allow us to map spatiotemporal patterns of
uplift along the northern San Andreas fault. Between Jenner and Mendocino,
California, emergent marine terraces found southwest of the San Andreas fault record
late Pleistocene uplift rates between 0.20 and 0.45 mm yr–1 along much of the coast.
However, on the northeast side of the San Andreas fault, a zone of rapid uplift (0.6–
1.0 mm yr–1) exists adjacent to the San Andreas fault, but rates decay northeastward as
the coast becomes more distant from the San Andreas fault. A newly dated 4.5 Ma
shallow-marine deposit located at ∼500 m above sea level (masl) adjacent to the San
Andreas fault is warped down to just 150 masl 15 km northeast of the San Andreas
fault, and it is exposed at just 60–110 masl to the west of the fault. Landscape
denudation rates calculated from abundance of cosmogenic radionuclides in fluvial
sediment northeast of, and adjacent to, the San Andreas fault are 0.16–0.29 mm yr–1,
but they are only 0.03–0.07 mm yr–1 west of the fault. Basin-average channel
steepness and the denudation rates can be used to infer the erosive properties of the
underlying bedrock. Calibrated erosion rates can then be estimated across the entire
landscape using the spatial distribution of channel steepness with these erosive
properties. The lower-elevation areas of this landscape that show high channel
steepness (and hence calibrated erosion rate) are distinct from higher-elevation areas
with systematically lower channel steepness and denudation rates. These two areas do
not appear to be coincident with lithologic contacts. Assuming that changes in rock
uplift rates are manifest in channel steepness values as an upstream propagating
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kinematic wave that separates high and low channel steepness values, the distance that
this transition has migrated vertically provides an estimate of the timing of rock uplift
rate increase. This analysis suggests that rock uplift rates along the coast changed
from 0.3 to 0.75 mm yr–1 between 450 and 350 ka. This zone of recent, relatively
rapid crustal deformation along the plate boundary may be a result of the impingement
of relatively strong crust underlying the Gualala block into the thinner, weaker
oceanic crust left at the western margin of the North American plate by the westward
migration of the subduction zone prior to establishment of the current transform plate
boundary. The warped Pliocene marine deposits and the presence of a topographic
ridge support the patterns indicated by the channel steepness analyses, and further
indicate that the zone of rapid uplift may herald elevated off-fault seismic hazard if
this uplift is created by periodic stick-slip motion on contractional structures.

GEOPHYSICS, SOLID EARTH

12. JACKSON Colin R. M., BENNETT Neil R., ZHIXUE Du et al.: Early episodes of
high-pressure core formation preserved in plume mantle. Nature 553(7689), 2018,
491-495. [jacksonc3@si.edu]

The decay of short-lived iodine (I) and plutonium (Pu) results in xenon (Xe)

isotopic anomalies in the mantle that record Earth’s earliest stages of formation. Xe
isotopic anomalies have been linked to degassing during accretion, but degassing
alone cannot account for the co-occurrence of Xe and tungsten (W) isotopic
heterogeneity in plume-derived basalts and their long-term preservation in the mantle.
Here we describe measurements of I partitioning between liquid Fe alloys and liquid
silicates at high pressure and temperature and propose that Xe isotopic anomalies
found in modern plume rocks (that is, rocks with elevated 3He/4He ratios) result from
I/Pu fractionations during early, high-pressure episodes of core formation. Our
measurements demonstrate that I becomes progressively more siderophile as pressure
increases, so that portions of mantle that experienced high-pressure core formation
will have large I/Pu depletions not related to volatility. These portions of mantle could
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be the source of Xe and W anomalies observed in modern plume-derived basalts.
Portions of mantle involved in early high-pressure core formation would also be rich
in FeO, and hence denser than ambient mantle. This would aid the long-term
preservation of these mantle portions, and potentially points to their modern
manifestation within seismically slow, deep mantle reservoirs with high 3He/4He
ratios.

13. LAU Harriet C. P., MITROVICA Jerry X., DAVIS James L. et al.: Tidal
tomography constraints earth’s deep-mantle buoyancy. Nature 551(7680), 2017, 321326. [harrietlau@fas.harvard.edu]
Earth’s body tide also known as the solid Earth tide, the displacement of the
solid Earth’s surface caused by gravitational forces from the Moon and the Sun is
sensitive to the density of the two Large Low Shear Velocity Provinces (LLSVPs)
beneath Africa and the Pacific. These massive regions extend approximately 1,000
kilometres upward from the base of the mantle and their buoyancy remains actively
debated within the geophysical community. Here we use tidal tomography to
constrain Earth’s deep-mantle buoyancy derived from Global Positioning System
(GPS) based measurements of semi-diurnal body tide deformation. Using a
probabilistic approach, we show that across the bottom two-thirds of the two LLSVPs
the mean density is about 0.5 per cent higher than the average mantle density across
this depth range (that is, its mean buoyancy is minus 0.5 per cent), although this
anomaly may be concentrated towards the very base of the mantle. We conclude that
the buoyancy of these structures is dominated by the enrichment of high-density
chemical components, probably related to subducted oceanic plates or primordial
material associated with Earth’s formation. Because the dynamics of the mantle is
driven by density variations, our result has important dynamical implications for the
stability of the LLSVPs and the long-term evolution of the Earth system.

14. ROMANOWICZ Barbara: The buoyancy of earth’s deep mantle. Nature 551(7680),
2017, 308-309. [barbara@seismo.berkeley.edu]
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The physical nature of two regions called large low-shear-velocity provinces at
the base of Earth's mantle is uncertain. A measurement of their density has
implications for our understanding of mantle dynamics.

15. VOOSEN Paul: Sloshing of earth’s core may spike big quakes. Science 358(6363),
2017, 575. [Seattle, Washington (USA)]

The world doesn’t stop spinning. But every so often, it slows down. For
decades, scientists have charted tiny fluctuations in the length of Earth’s day: Gain a
millisecond here, lose a millisecond there. Last week at the annual meeting of the
Geological Society of America here, two geophysicists argued that these minute
changes could be enough to influence the timing of major earthquakes and potentially
help forecast them. During the past 100 years, Earth’s slowdowns have correlated
surprisingly well with periods with a global increase in magnitude-7 and larger
earthquakes, according to Roger Bilham of the University of Colorado (CU) in
Boulder and Rebecca Bendick at the University of Montana in Missoula. Usefully, the
spike, which adds two to five more quakes than typical, happens well after the slowdown begins. “The Earth offers us a 5-years heads up on future earthquakes, which is
remarkable,” says Bilham, who presented the work.

HYDROGEOLOGY
16. AHMED Mohamed, MOHAMED Sultan, MOHAMED Ahmed et al.: Aquifer
recharge, depletion and connectivity: inferences from GRACE, land surface models
and geochemical and geophysical data. Geol. Soc. America Bull. 129(5-6), 2017, 534546. [mohame.sultan@wmich.edu]
Data from the Gravity Recovery and Climate Experiment (GRACE) and
outputs of the CLM4.5 model were used to estimate recharge and depletion rates for
large aquifers, investigate the connectivity of an aquifer’s subbasins, and identify
barriers and preferred pathways for groundwater flow within an aquifer system. The
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Nubian Sandstone Aquifer System and its subbasins (Dakhla, Northern Sudan
Platform, and Kufra) in northeast Africa were used for demonstration purposes, and
findings were tested and verified against geological, geophysical, remote sensing,
geochronologic and geochemical data. There are four major findings. (1) The average
annual precipitation data over recharge areas in the southern Kufra section and the
Northern Sudan Platform subbasin were estimated at 54.8 km3, and 32.8 km3,
respectively, and knowing the annual extraction rates over these two areas (∼0.40 ±
0.20 km3), recharge rates were estimated at 0.78 ± 0.49 km3/yr and 1.44 ± 0.42
km3/yr, respectively. (2) GRACE-derived groundwater depletion rates over the
Dakhla subbasin and the Northern Kufra section were estimated at 4.44 ± 0.42 km3/yr
and 0.48 ± 0.32 km3/yr respectively. (3) The observed depletion in the southern parts
of the Dakhla subbasin is apparently caused by the presence of the east-west-trending
Uweinat-Aswan basement uplift, which impedes the south-to-north groundwater flow
and hence reduces replenishment from recharge areas in the south. (4) A major
northeast-southwest-trending shear zone (Pelusium shear system) is apparently
providing a preferred groundwater flow pathway from the Kufra to the Dakhla
subbasin. Our integrated approach provides a replicable and cost-effective model for
better understanding of the hydrogeologic setting of large aquifers worldwide and for
optimum management of these groundwater resources.

ISOTOPE GEOCHEMISTRY, GEOCHRONOLOGY

17. AMATO Jeffrey M., MACK Greg H., JONELL Tara N. et al.: Onset of the
laramide orogeny and associated magmatism in southern New Mexico based on U-Pb
geochronology.

Geol.

Soc.

America

Bull.

129(9-10),

2017,

1209-1226.

[amato@nmsu.edu]
The Laramide orogeny is a classic yet controversial mountain-building event
that resulted, in the southwest United States, in uplifts, sedimentation, and magmatism
that can be used to constrain the onset of this event in the region and expand our
knowledge of Late Cretaceous to Paleogene tectonism. The McRae Formation marks
the onset of deposition in the Laramide Love Ranch Basin, which was located to the
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northeast of the west-northwest–trending coeval Rio Grande uplift in south-central
New Mexico, but its age is not well constrained. A previously published late
Maastrichtian age for the McRae Formation was based on the presence of dinosaur
bones in the upper of two members of the formation. We obtained new U-Pb dates
from one dacite clast and three ash-fall tuffs from the lower Jose Creek Member and
from one ash-fall tuff from the lower part of the overlying Hall Lake Member of the
McRae Formation. The clast yielded a date of 75.0 ± 1.1 Ma, whereas the ages of the
tuffs, in ascending stratigraphic order, are 74.9 ± 0.7 Ma, 74.7 ± 0.6 Ma, 75.2 ± 1.3
Ma, and 73.2 ± 0.7 Ma. These dates indicate that the onset of Laramide deposition in
the Love Ranch Basin must have occurred earlier, in late Campanian time, similar to
deposition in the Laramide Ringbone Basin in southwestern New Mexico. In addition,
U-Pb zircon dates of 75.7 ± 1.3 Ma and 75.0 ± 2.8 Ma were obtained on the Twin
Peaks stock and on a dacite sill, respectively, in the Burro Mountains of southwestern
New Mexico. These dates are similar to those of other Laramide arc magmatic centers
in southern New Mexico, which have a limited range of ages from 75 to 70 Ma,
including the Hidalgo Formation in the Little Hatchet Mountains, the Silver City–
Pinos Altos region, and the Copper Flat porphyry system. These new and previously
published dates indicate that during the onset of Laramide deformation in
southwestern and south-central New Mexico, the angle of subduction of the Farallon
plate may have been steep enough to allow partial melting of an asthenospheric
wedge, resulting in arc magmatism far inboard of the trench.

18. CHUANMING Zhou, XIAN-HUA Li, SHUHAI Xiao et al.: A new SIMS zircon UPb date from the Ediacaran Doushantuo Formation: age constraint on the Weng’ an
biota. Geol. Mag. 154(6), 2017, 1193-1201. [cmzhou@nigpas.ac.cn]

As a well known phosphatized Lagerstätte, the Ediacaran Weng'an biota in
central Guizhou Province of South China contains diverse acanthomorphic acritarchs,
algal thalli, tubular microfossils as well as various spheroidal fossils. These fossils
provide crucial palaeontological evidence for the radiation of multicellular eukaryotes
after the termination of the Neoproterozoic global glaciation. While the Weng'an biota
is generally considered as early Ediacaran in age on the basis of phosphorite Pb-Pb
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isochron ages ranging from 572 Ma to 599 Ma, the reliability and accuracy of these
age data have been questioned and some geologists have proposed that the Weng'an
biota may be younger than 580 Ma instead. Here we report a SIMS zircon U-Pb age of
609 ± 5 Ma for a tuffaceous bed immediately above the upper phosphorite unit in the
Doushantuo Formation at Zhangcunping, Yichang, South China. Litho, bio and
chemostratigraphic correlations suggest that the upper phosphorite unit at
Zhangcunping can be well correlated with the upper phosphorite unit at Weng'an,
which is the main horizon of the Weng'an biota. We therefore conclude that the
Weng'an biota could be as old as 609 ± 5 Ma.

19. JUN Deng, XUEFEI Liu, QINGFEI Wang et al.: Isotopic characterization and
petrogenetic modeling of Early Cretaceous mafic diking -lithospheric extension in the
North China Craton, eastern Asia. Geol Soc. America Bull. 129(11-12), 2017, 13791407. [djun@cugb.edu.cn]

We investigated the spatial-temporal distribution and the major, trace, and rare
earth element geochemistry, U-Pb zircon geochronology, and isotope geochemistry of
mafic dyke intrusions in the Jiadong Peninsula (NE China). The newly obtained
zircon dates tightly constrain the timing of dike emplacement to 130–110 Ma,
following an earlier episode (155–144 Ma) of magmatism in the eastern part of the
North China craton. This Cretaceous magmatism was associated with large-scale
lithospheric extension in the North China craton, and hence its petrogenetic and
geochemical evolution provides significant in-sights for the nature of melt evolution
during this cratonic thinning event. The majority of the Early Cretaceous dikes
intruding the crys-talline basement rocks within the Jiaobei terrane and the Sulu
orogenic belt in the Jiadong Peninsula display large ion lithophile element (LILE)
enrichment, high field strength element (HFSE) depletion, and enriched Sr-Nd
isotopic values, indicating arc-like geochemical signatures. These features collectively
point to derivation of dike magmas from partial melting of a subductionmetasomatized lithospheric mantle. High Dy/Yb ratios of dike rocks between 2.09 and
2.63, with an average value of 2.31, suggest that their magmas originated from lowdegree partial melting of an amphibole-bearing lherzolitic mantle lithosphere in the
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garnet-spinel transition zone. The low platinum group element (PGE) compositions of
the dike rocks further indicate that their magmas were produced from S-saturated
melts, derived from low-degree partial melting of the inferred mantle source. These Ssaturated melts did not undergo significant sulfide segre-gation and crustal
contamination, but they did experience early fractionation of laurite and Os-Ir-Ru
alloys. The minor occurrence in the Jiadong Peninsula of ca. 121 Ma mafic dikes with
oceanic island basalt–like geochemical fingerprints also indicates an asthenospheric
melt contribution into the Early Cretaceous magmatism across the North China craton.
We infer that the emplacement of the Mesozoic (Late Jurassic–Early Cretaceous)
mafic intrusions in the Jiadong Peninsula was a magmatic response to cratonic
thinning, caused by slab rollback induced delamination of the lithospheric mantle of
the North China craton, and that this mafic magmatism migrated eastward in time and
space during the Cretaceous.

20. GIRARD Guillaume, REAGAN Mark K., SIMS Kenneth W. W. et al.:
230

238

U-

Th-226Ra-210Pb-210Po disequilibria constraints on magma generation, ascent and

degassing during the ongoing eruption of Kilauea. J. Petrol. 58(6), 2017, 1199-1226.
[girardgu@msu.edu]
The timescales of magma genesis, ascent, storage and degassing at Kīlauea
volcano, Hawai‘i are addressed by measuring 238U-series radionuclide abundances in
lava and tephra erupted between 1982 and 2008. Most analyzed samples represent
lavas erupted by steady effusion from Pu‘u ‘Ō‘ō and Kūpahianaha from 1983 to 2008.
Also included are samples erupted at the summit in April 1982 and March 2008, along
the East Rift Zone at the onset of the ongoing eruption in January 1983, and during
vent shifting episodes 54 and 56, at Nāpau crater in January 1997, and Kane Nui O
Hamo in June 2007. In general, samples have small (∼4%) excesses of (230Th) over
(238U) and ∼3 to ∼17% excesses of (226Ra) over (230Th), consistent with melting of a
garnet peridotite source at melting rates between 1 × 10–3 and 5 × 10–3 kg m–3 a–1, and
melting region porosity between ∼2 and ∼10%, in agreement with previous studies of
the ongoing eruption and historical eruptions. A small subset of samples has nearequilibrium (230Th/238U) values and thus generated at higher melting rates. Based on
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U–Th–Ra disequilibria and Th isotopic data from this and earlier studies, melting
processes and sources have been relatively stable over at least the past two centuries
or more, including during the ongoing unusually long (>30 years) and voluminous (4
km3) eruption. Lavas recently erupted from the East Rift Zone have average initial
(210Pb/226Ra) values of 0·80 ± 0·11 (1σ), which we interpret to be the result of
partitioning of 222Rn into a persistently generated CO2-rich gas phase over a minimum
of 8 years. This (210Pb) deficit implies an average magma ascent rate of ≤3·7 km a–
1

from ∼30 km depth to the surface. Spatter and lava associated with vent-opening

episodes erupt with variable (210Pb) deficits ranging from 0·7 to near-equilibrium
values in some samples. The samples with near-equilibrium (210Pb/226Ra) are typically
more differentiated, suggesting decadal timescales of magma storage in shallow
conduits or reservoirs that were not degassing. Lava and spatter samples erupted in the
East Rift Zone and at the summit had (210Po) ∼0 at the time of eruption, which results
from efficient partitioning of Po into the CO2- and SO2-rich gas phases during and
prior to eruption. Summit ash and Pele’s hair samples from 2008 differ from lava and
lapilli samples in that they have elevated initial (210Po), (210Pb/226Ra), and Pb
concentrations because of Po condensation on tephra particles, and incorporation of
fumarolic Po and Pb into erupted tephra fragments during quenching.

21. SIERRALTA Melanie, URBAN Brigitte, LINKE Gerhard et al. : Middle
Pleistocene interglacial peat deposits from northern Germany investigated by 230Th/U
and palynology: case studies from Wedel and Schoningen. Z. Dtschn. Ges. Geowiss.
168(3), 2017, 373-387. [melanie@sierralta-bros.de]
Interstadial and interglacial deposits including peat layers are widespread in
Northern Europe and enable us to reconstruct the past climate and vegetation history.
Such reconstructions require a reliable and precise chronological framework. Uranium
series dating, sedimentological and palynological investigations were performed on a
peat deposit at Wedel in Schleswig-Holstein. Previous palynological studies suggested
a Middle Pleistocene age for these interglacial deposits. The sediment sequence
including a fen peat of 130 cm thickness at a depth of 14–15 m below surface was
drilled and cored. Palynological results correlate well to the late Holsteinian
Interglacial, but the radiometric age determination failed due to U-series open system
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behaviour. Comparison of results obtained at Wedel with those from Holsteinian
Interglacial deposits in Northern Germany reveals the weakness of numerical age
determinations. Furthermore, a brief discussion on radiometric data available of the
Middle Pleistocene Reinsdorf Interglacial peat deposits at Schöningen is given, as the
laboratory has performed further quality assurance processes. A spike calibration led
to new calculations on isotope activities, resulting in higher values shifted by 5–7 %
and corrections on published data of the same order. The age of the Reinsdorf
Interglacial peat deposit 13 II-2c5 cannot be maintained as the assigned errors inhibit
the calculation of reasonable mean ages nearby the methodological age limits.

22. YANG Li, SELBY David, CONDON Daniel et al. : Cyclic magmatic-hydrothermal
evolution in porphyry systems: high-precision U-Pb and Re-Os geochronology
constraints on the Tibetan Qulong porphyry Cu-Mo deposit. Econ. Geol. 112(6),
2017, 1419-1440. [yang.li@yale.edu]

We present high-precision chemical abrasion-isotope dilution-thermal
ionization mass spectrometry (CA-IDTIMS) U-Pb zircon and isotope dilutionnegative-thermal ionization mass spectrometry (ID-N-TIMS) Re-Os molybdenite
geochronology of the world-class Tibetan Qulong porphyry Cu-Mo deposit. The data
is used to constrain the timing, duration, and to yield implications for the ore-forming
processes. The U-Pb data suggest that the preore Rongmucuola pluton crystallized at
17.142 ± 0.014/0.014/0.023 Ma (uncertainties presented as analytical/+ tracer/+ decay
constant uncertainties), with emplacements of the synore P porphyry and postore
quartz

diorite

occurring

at

16.009

±

0.016/0.017/0.024

and

15.166

±

0.010/0.011/0.020 Ma, respectively. The Re-Os analysis of multiple independent
molybdenite separations from single molybdenite-bearing quartz veins yields sub-‰
level analytical precision (<1‰), which is comparable with that of modern CA-IDTIMS U-Pb zircon geochronology. The new Re-Os data indicate that the majority of
the metals at Qulong were deposited over a minimum duration of 266 ± 13 k.y.,
between 16.126 ± 0.008/0.060/0.077 and 15.860 ± 0.010/0.058/0.075 Ma, with the
main phase of mineralization being broadly synchronous with the emplacement of the
P porphyry. However, our Re-Os data of molybdenite hosted within the Rongmucuola
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pluton imply that a portion of mineralization also predated the P porphyry and suggest
that the P porphyry is an intermineral porphyry stock, although mineralization cut by
P porphyry has not been previously documented or observed in this study. Correlating
the Re-Os ages with vein types (A-B-D veins) demonstrates that the mineralization
process was cyclical, with the presence of at least three short-lived (38 ± 11 to 59 ± 10
k.y.) mineralization pulses between 16.126 ± 0.008 and 16.050 ± 0.005, 16.040 ±
0.007 and 15.981 ± 0.007, and ~15.981 ± 0.007 and 15.860 ± 0.010 Ma. Coupling the
Re-Os molybdenite ages and quartz (coprecipitated with the dated molybdenite) fluid
inclusion data suggests that the cooling history was also cyclic, and implies a rapid
cooling rate during the entire mineralization process (0.55° ± 0.11°C/k.y.), with much
faster cooling rates (1.19° ± 0.82° to 1.27° ± 0.53°C/k.y.) for the individual
mineralization pulses. The cyclic and rapid cooling process requires an additional
cooling mechanism rather than the inefficient conduction, which we attribute to
meteoric water circulation. The presence of mineralization predating the intermineral
P porphyry stock and the absence of evidence of an early porphyry stock at Qulong
suggest that mineralization potentially can take place without contemporaneous
magmatism at mineralization levels. As a result, dating magmatic events may not
necessarily bracket the entire mineralization duration of a porphyry system. This
highlights the importance of dating ore minerals to reveal a comprehensive picture of
the magma-hydrothermal process. In addition, the absence of contemporaneous
magmatism during mineralization has broad implications for the classification of
porphyry copper deposits and mineral exploration. The timescales of mineralization
cycles constrained here via direct dating of ore minerals (tens of k.y.) are comparable
with those recently proposed through high-precision U-Pb zircon dating, diffusion
modeling, and numerical simulation. We propose that the cyclic mineralization pulses
are linked with the periodic release of volatiles from the lower crustal magma
chamber, which are common for porphyry copper systems worldwide. The
episodic/cyclic metal enrichment process potentially is one of the controlling factors
of porphyry copper ore formation and is the key to differentiate the formation of
economic and subeconomic porphyry deposits. Finally, direct comparison of
molybdenite Re-Os dates from different laboratories and with the zircon U-Pb system
needs to account for the much larger uncertainties from tracer calibration and decay
constants, respectively. As a result, we lose the necessary resolution to investigate the
ore-forming process at the k.y. level. Therefore, to reduce these uncertainties,
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calibration between the two chronometers, using shared tracer solutions and a
transparent data reduction platform within the community is required.

MARINE GEOLOGY

23. LAVERGNE C. de, MADEC G., ROQUET F. et al.: Abyssal ocean overturning
shaped

by

seafloor

distribution.

Nature

551(7679),

2017,

181-186.

[casimir.delavergne@gmail.com]
The abyssal ocean is broadly characterized by northward flow of the densest
waters and southward flow of less-dense waters above them. Understanding what
controls the strength and structure of these interhemispheric flows-referred to as the
abyssal overturning circulation-is key to quantifying the ocean’s ability to store
carbon and heat on timescales exceeding a century. Here we show that, north of 32° S,
the depth distribution of the seafloor compels dense southern-origin waters to flow
northward below a depth of about 4 kilometres and to return southward predominantly
at depths greater than 2.5 kilometres. Unless ventilated from the north, the overlying
mid-depths (1 to 2.5 kilometres deep) host comparatively weak mean meridional flow.
Backed by analysis of historical radiocarbon measurements, the findings imply that
the geometry of the Pacific, Indian and Atlantic basins places a major external
constraint on the overturning structure.

MINERALOGY

24. CALAS Georges: Mineral resources and sustainable development. Elements 13(5),
2017, 301-306. [georges.calas@upmc.fr]
Mineral resources have been used for millennia and are a key to society's
development. With the growing importance of new technologies and the energy
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revolution, questions have arisen regarding the future availability of resources of
metals and industrial minerals. As discovering large high-grade deposit has become
increasingly rare, the concept of “sustainable development” will become viewed as
essential to extract metals/minerals from new low-grade deposits. In addition to
economic considerations, it is essential to reconcile mining activity with
environmental protection and to allay the concerns of local populations. This issue of
Elements highlights the progressive movement towards an active environmental and
societal strategy for sustainably harnessing mineral resources.

25. RABIEI Morteza, GUOXIANG Chi, NORMAND Charles et al.: Hydrothermal
Rare Earth Element (Xenotime) mineralization at Maw Zone, Athabasca basin,
Canada and its relationship to unconformity-related uranium deposits. Econ. Geol.
112(6), 2017, 1483-1507. [Guoxiang.Chi@uregina.ca]
The Maw zone rare earth element (xenotime) deposit is hosted in brecciated
sandstones in the Athabasca Basin and is associated with silicification, hematitization,
and tourmalinization (magnesiofoitite). Petrographic studies indicate that xenotime
precipitated after significant compaction of the host rocks and was coeval with the
main phase of tourmaline and drusy quartz. Sensitive high-resolution ion microprobe
U-Pb dating of xenotime yielded a 207Pb/206Pb age of 1547 ± 14 Ma. In situ secondary
ion mass spectrometry oxygen isotope analysis of coeval tourmaline and quartz gives
temperatures from 89° to 385°C (average 185°C) and δ18Ovsmsow-Fluid values from
−6.2 to +10.8‰ (average +1.6‰). The coexistence of different types of fluid
inclusions (liquiddominated biphase, vapor-dominated biphase, vapor only, and halitebearing triphase) in individual fluid inclusion assemblages in drusy quartz suggests
boiling and heterogeneous trapping. Excluding the heterogeneously entrapped fluid
inclusions, the liquid-dominated biphase inclusions yielded homogenization
temperatures from 63° to 178°C, ice-melting temperatures mainly from −37.4° to
−21.8°C, and salinities mainly from 22.0 to 28.3 wt %. Raman spectroscopic and mass
spectrometric analyses indicate low nonaqueous volatile concentrations (<1 mole %).
In conjunction with regional stratigraphy indicating burial depth less than 2.5 km at
the time of mineralization, these data suggest an epithermal mineralization
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environment. The similarities in wall-rock alteration, paragenesis, mineralization age,
oxygen isotopes, and fluid inclusion attributes between the Maw zone rare earth
element deposit and unconformity-related uranium deposits in the region invokes a
possible genetic link between them. The hydrothermal fluid at Maw zone probably
represents one of the fluids that carried reducing agents and caused uraninite
precipitation in the unconformity-related uranium deposits.

PALEONTOLOGY

26. CAU Andrea, BEYRAND Vincent, VOETEN Dennis F. A. E. et al.: Synchrotron
scanning reveals amphibious ecomorphology in a new clade of bird-like dinosaurs.
Nature 552(7685), 2018, 395-399. [cauand@gmail.com]

Maniraptora includes birds and their closest relatives among theropod
dinosaurs. During the Cretaceous period, several maniraptoran lineages diverged from
the ancestral coelurosaurian bauplan and evolved novel ecomorphologies, including
active flight, gigantism, cursoriality and herbivory. Propagation X-ray phase-contrast
synchrotron microtomography of a well-preserved maniraptoran from Mongolia, still
partially embedded in the rock matrix, revealed a mosaic of features, most of them
absent among non-avian maniraptorans but shared by reptilian and avian groups with
aquatic or semiaquatic ecologies. This new theropod, Halszkaraptor escuilliei gen. et
sp. Nov. is related to other enigmatic Late Cretaceous maniraptorans from Mongoliain
a novel clade at the root of Dromaeosauridae. This lineage adds an amphibious
ecomorphology to those evolved by maniraptorans: it acquired a predatory mode that
relied mainly on neck hyperelongation for food procurement, it coupled the obligatory
bipedalism of theropods with forelimb proportions that may support a swimming
function, and it developed postural adaptations convergent with short-tailed birds.

27. GANG Han, FANGYUAN Mao, SHUNDONG Bi et al.: A Jurassic gliding
euharamiyidan mammal with an ear of five auditory bones. Nature 551(7681), 2017,
451-456. [jmeng@amnh.org]
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Gliding is a distinctive locomotion type that has been identified in only three
mammal species from the Mesozoic era. Here we describe another Jurassic glider that
belongs to the euharamiyidan mammals and shows hair details on its gliding
membrane that are highly similar to those of extant gliding mammals. This species
possesses a five-boned auditory apparatus consisting of the stapes, incus, malleus,
ectotympanic and surangular, representing, to our knowledge, the earliest known
definitive mammalian middle ear. The surangular has not been previously identified in
any mammalian middle ear, and the morphology of each auditory bone differs from
those of known mammals and their kin. We conclude that gliding locomotion was
probably common in euharamiyidans, which lends support to idea that there was a
major adaptive radiation of mammals in the mid-Jurassic period. The acquisition of
the auditory bones in euharamiyidans was related to the formation of the dentarysquamosal jaw joint, which allows a posterior chewing movement, and must have
evolved independently from the middle ear structures of monotremes and therian
mammals.

28. MARSHALL Charles R.: A tip of the hat to evolutionary change. Nature 552(7683),
2017, 35-37. [crmarshall@berkeley.edu]
The relative roles of biological and environmental factors in driving
evolutionary change have been unclear. Now fossil analysis shows that their action
depends on where an animal group is in its evolutionary trajectory.

29. ZLIOBAITE Indre, FORTELIUS Mikael and STENSETH Nils C.: Reconciling
taxon senescence with the Red Queen’s hypothesis. Nature 552(7683), 2017, 92-95.
[indre.zliobaite@heslinki.fi]
In the fossil record, taxa exhibit a regular pattern of waxing and waning of
occupancy, range or diversity between their origin and extinction. This pattern appears
to contradict the law of constant extinction, which states that the probability of
extinction in a given taxon is independent of that taxon’s age. It is nevertheless well
established for species, genera and higher taxa of terrestrial mammals, marine
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invertebrates, marine microorganisms, and recent Hawaiian clades of animals and
plants. Here we show that the apparent contradiction between a stochastically constant
extinction rate and the seemingly deterministic waxing and waning pattern of taxa
disappears when we consider their peak of expansion rather than their final extinction.
To a first approximation, we find that biotic drivers of evolution pertain mainly to the
peak of taxon expansion, whereas abiotic drivers mainly apply to taxon extinction.
The Red Queen’s hypothesis, which emphasizes biotic interactions, was originally
proposed as an explanation of the law of constant extinction. Much effort has since
been devoted to determining how this hypothesis, emphasizing competition for
resources, relates to the effects of environmental change. One proposed resolution is
that biotic and abiotic processes operate at different scales. By focusing attention on
taxon expansion rather than survival, we resolve an apparent contradiction between
the seemingly deterministic waxing and waning patterns over time and the
randomness of extinction that the Red Queen’s hypothesis implies.

PETROLOGY : IGNEOUS

30. CARVALHO B. B., SAWYER E. W., JANASI V. A.: Enhancing maficity of
granitic magma during anatexis: entrainment of infertile mafic lithologies. J. Petrol.
58(7), 2017, 1333-1362. [bruna.borges-carvalho1@uqac.ca]
Most studies of migmatites examine how anatexis occurred in the most fertile
units and what happened to that melt, whereas the associated minor lithologies are
typically ignored. The Kinawa migmatite in the southern São Francisco Craton of
Brazil is the product of water-fluxed melting of a leucogranodiorite that contained
dykes of amphibolite. The migmatite consists mostly of pink diatexites, metatexites
and leucosomes, but it also contains schollen of amphibolite. This study examines the
behaviour of these minor mafic rocks during anatexis to determine what role they play
in the formation of migmatites and development of granitic magmas in their source
region.The amphibolites are massive or banded Hbl + Pl, and rarely Hbl + Pl + Cpx,
schollen in the diatexite migmatite. The amphibolite schollen melted very little, and
show a complex morphology suggesting mechanical and chemical interaction with the
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enclosing leucocratic pink diatexite migmatite. Diatexites and leucosomes
immediately adjacent to the schollen have a considerably higher proportion of
amphibole (up to 12%) and/or biotite (up to 10%) compared with the diatexite a few
tens of centimeters farther away. Six stages of disaggregation and interaction of mafic
schollen with the enclosing diatexite magma are recognized: (1) amphibolite layers
break up to form schollen, but are mineralogically and texturally unchanged; (2) melt
infiltrates into fractures and foliation in the schollen; (3) schollen disaggregate into
swarms of single amphibole crystals within the diatexites; (4) amphibole is partially
replaced by biotite; (5) flow of the enclosing diatexite magma arranges the detached
amphibole crystals into schlieren and aggregates of biotite; (6) detached crystals are
completely replaced by biotite and dispersed by magmatic flow to produce a
mesocratic to melanocratic homogeneous diatexite. Geochemical modelling indicates
that the composition of the diatexites and leucosomes is changed by the wholesale
entrainment of the disaggregated mafic schollen or in some cases by the preferential
entrainment of detached hornblende or plagioclase crystals. This contamination
increases the maficity of initially felsic, leucodiatexite magma, by the addition of
FeO + MgO, CaO and TiO2 (which results in a concomitant decrease in SiO2), to
become a mesocratic to melanocratic diatexite magma that is comparable with typical
I-type granites found around the world. Entrainment of mafic material and hornblende
in particular strongly influences the behaviour of the rare earth elements, lowering
LaN/YbN ratios. Thus, non-protolith mafic lithologies within migmatites represent a
source of contamination for anatectic melts that results in a significant increase in
maficity.

31. DIGENOVA D., KOLZENBURG S., WIESMAIER S. et al.: A compositional
tipping point governing the mobilization and eruption style of rhyolitic magma.
Nature 552(7684), 2017, 235-238. [danilo.digenova@bristol.ac.uk]
The most viscous volcanic melts and the largest explosive eruptions on our
planet consist of calcalkaline rhyolites. These eruptions have the potential to influence
global climate. The eruptive products are commonly very crystal-poor and highly
degassed, yet the magma is mostly stored as crystal mushes containing small amounts
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of interstitial melt with elevated water content. It is unclear how magma mushes are
mobilized to create large batches of eruptible crystal-free magma. Further, rhyolitic
eruptions can switch repeatedly between effusive and explosive eruption styles and
this transition is difficult to attribute to the rheological effects of water content or
crystallinity. Here we measure the viscosity of a series of melts spanning the
compositional range of the Yellowstone volcanic system and find that in a narrow
compositional zone, melt viscosity increases by up to two orders of magnitude. These
viscosity variations are not predicted by current viscosity models and result from melt
structure reorganization, as confirmed by Raman spectroscopy. We identify a critical
compositional tipping point, independently documented in the global geochemical
record of rhyolites, at which rhyolitic melts fluidize or stiffen and that clearly
separates effusive from explosive deposits worldwide. This correlation between melt
structure, viscosity and eruptive behaviour holds despite the variable water content
and other parameters, such as temperature, that are inherent in natural eruptions.
Thermodynamic modelling demonstrates how the observed subtle compositional
changes that result in fluidization or stiffening of the melt can be induced by crystal
growth from the melt or variation in oxygen fugacity. However, the rheological
effects of water and crystal content alone cannot explain the correlation between
composition and eruptive style. We conclude that the composition of calcalkaline
rhyolites is decisive in determining the mobilization and eruption dynamics of Earth's
largest volcanic systems, resulting in a better understanding of how the melt structure
controls volcanic processes.

32. LIPTAI Nora, PATKO Levente, KOVACS Istvan J. et al.: Multiple metasomatism
beneath the Nograd-Gomor volcanic field (northern Pannonian basin) revealed by
Upper

Mantle

peridotite

xenoliths.

J.

Petrol.

58(6),

2017,

1107-1144.

[cszabo@elte.hu]
Peridotite xenoliths from the Nógrád–Gömör Volcanic Field (NGVF) record
the geochemical evolution of the subcontinental lithospheric mantle beneath the
northern margin of the Pannonian Basin. This study is focused on spinel lherzolites
and presents petrography, and major and trace element geochemistry for 51 xenoliths
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selected from all xenolith-bearing localities of the NGVF. The xenoliths consist of
olivine, orthopyroxene, clinopyroxene and spinel ± amphibole. No correlations
between modal composition and textures were recognized; however, major and trace
element geochemistry reveals several processes, which allow the distinction of
xenolith groups with different geochemical evolution. The xenoliths have undergone
varying degrees (∼7–25%) of partial melting with overprinting by different
metasomatic processes. Based on their Mg#, the xenoliths can be subdivided into two
major groups. Group I has olivine Mg# between 89 and 91, whereas Group II has Mg#
<89, significant enrichment of Fe and Mn in olivine and pyroxenes, and high Ti in
spinel. Trace element contents of the xenoliths vary widely, allowing a further
division based on light rare earth element (LREE) enrichment or depletion in
pyroxenes. REE patterns of amphiboles match those of clinopyroxenes in each
xenolith where they appear, and are inferred to have different origins based on their
Nb (and other high field strength element) contents. It is proposed that Nb-poor
amphiboles record the oldest metasomatic event, caused by subduction-related
volatile-bearing silicate melts or fluids, followed by at least two further metasomatic
processes: one that resulted in U–Th–(Nb–Ta)–LREE enrichment and crystallization
of Nb-rich amphibole, affecting selective domains under the entire NGVF, and
another evidenced by Fe–Mn–Ti–LREE enrichment, which overprinted early
geochemical signatures. We suggest that the metasomatic agents in both cases were
basaltic silicate melts, compositionally similar to the host basalts. These melts were
generated during the Miocene extension of the Pannonian Basin. The effects of
heating and subsequent cooling are evident in significantly different equilibration
temperatures.

33. LONDON David and MORGAN George B. VI : Experimental crystallization of the
Macusani obsidian with applications to lithium-rich granitic pegmatites. J. Petrol.
58(5), 2017, 1005-1030. [dlondon@ou.edu]
Experiments at 200 MPa with the peraluminous (S-type) rhyolite obsidian
from Macusani, Peru asses the dynamics of crystallization, starting with non-vesicular
solid glass cores as compared to earlier experiments, starting with powder of the same
composition. Textures, spatial zonation of feldspars and quartz, and their
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compositional relations are substantively different and more clearly revealed in the
solid-core experiments. The new experiments with solid cores possess more sharply
bounded segregation of feldspathic and quartz-rich domains of crystallization, a shift
from a predominance of feldspars to increasing mica with initial H2O content >6 wt
%, and the simultaneous crystallization of solvus pairs of plagioclase and alkali
feldspar at opposite ends of the melt volume. As in other similar studies, the
maximum in the rate of crystallization, a function principally of crystal growth rate,
occurs at a liquidus undercooling of ∼200 ± 50°C. Both experimental studies with the
Macusani obsidian apply to the chemical, textural, and spatial zonation of minerals
within granitic pegmatites, particularly the Li-rich peraluminous pegmatites of S-type
granite affinity. The new results have now reproduced and can account for the
following features of pegmatites: (1) feldspathic outer zones and quartz-rich to pure
quartz cores; (2) massive fine-grained border zones, followed by coarsening wall
zones with unidirectional solidification texture, culminating in central domains of
more isotropic fabric and coarse grain size; (3) locally, alternating laminations of
mineral assemblages as in layered pegmatites and layered aplites; (4) a steady
decrease in the An content of plagioclase from margin to core via subsolidus
isothermal fractional crystallization; (5) spatial segregation of plagioclase and alkali
feldspar along opposite margins of the melt body via far-field chemical diffusion; (6)
an inward increase in the size of individual crystals by ∼102; (7) albite + lepidolite
bodies as the latest primary assemblage, and following the crystallization of pure
quartz bodies. All of these experimental results followed from the appreciable
undercooling of the melt prior to the onset of crystallization. All of the features cited,
except for the formation of miarolitic cavities, are entirely igneous in origin, owing
nothing to the simultaneous occurrence of an aqueous solution.

34. LONOV Dmitri A., BIGOT Florent and BRAGA Roberto: The provenance of the
lithospheric mantle in continental collision zones: petrology and geochemistry of
peridotites in the Ulten-Nonsberg Zone (Eastern Alps). J. Petrol. 58(7), 2017, 14511472. [Dmitri.ionov@umontpellier.fr]
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We report petrographic descriptions, modal mineralogy estimates and major
and trace element analyses of whole-rocks and minerals for 36 spinel and garnet–
spinel peridotites from the Ulten–Nonsberg Zone (UNZ) in the Eastern Alps in Italy.
We seek to constrain the origin and evolution of their source region in the mantle
using a comprehensive geochemical dataset on representative, large, modally
homogeneous samples from six UNZ sites. This complements earlier work on
metamorphism, exhumation history and trace element residence. The samples range
from coarse- to dominant fine-grained peridotites affected by syn-tectonic
recrystallization and formation of amphibole ± chlorite as well as late-stage alteration
(loss on ignition from 0·3 to 8·6 wt %). The UNZ rocks show a rather limited major
oxide range (e.g. 1·8–2·8 wt % Al2O3 in ∼80% of the samples) and include neither
very fertile nor highly refractory peridotites. Their range and average composition are
distinct from those in several massifs from the western Alps, further indicating that
the mantle beneath the Alps is heterogeneous, consistent with the tectonically active,
plate boundary setting in which mantle domains of different origins may be
juxtaposed. Comparison of the Al–Fe–Mg relationships in the UNZ peridotites with
experimental data on melting of fertile mantle, together with modelling of REE
contents in bulk-rocks, indicates that their mantle protoliths were formed by ∼10–
20% polybaric melting in upwelling mantle that began at 2–4 GPa and ended close to
the surface, possibly in an oceanic setting. The melting may have started in the
presence of garnet, but mainly proceeded in the spinel stability field. Many UNZ
peridotites are enriched in silica relative to continental off-craton xenoliths and
experimental dry melting trends at similar Al2O3 and MgO. These enrichments are
similar to those observed in suprasubduction-zone peridotites, suggesting their
potential origin and/or evolution in a subduction-related setting. Modal and cryptic
metasomatism is widespread in the UNZ suite, with a broad range of enrichments in
incompatible trace elements. It took place mainly in the mantle wedge above a
subduction zone, consistent with low high field strength elements and high light rare
earth elements, Th, U, Ba and Pb, and probably incorporated slab components.
Amphibole is the major host of highly incompatible trace elements whereas garnet,
texturally equilibrated with the amphibole, hosts much of heavy rare earth elements
and Zr and shows broad grain-to-grain variations of these elements consistent with its
growth during tectonic recrystallization and hydrous modal metasomatism.

42

Earth Science Abstract

Vol. 41, No.1

35. RASMUSSEN Daniel J., KYLE Philip R., WALLACE Paul J. et al.:
Understanding degassing and transport of CO2 rich alkali magmas at Ross Island,
Antarctica using Olivine-hosted melt inclusions. J. Petrol. 58(5), 2017, 841-862.
[danielr@ldeo.columbia.edu]

Volatiles play an important role in magmatic and volcanic processes. Melt
inclusions are a powerful tool to study pre-eruptive volatiles, but interpretation of the
H2O and CO2 variations can be difficult. The H2O and CO2 contents of melt
inclusions from nine basanites from Hut Point Peninsula, Mt Terror and Mt Bird on
Ross Island, Antarctica, were studied to understand better the behaviour of volatiles in
the magmas and to provide insight into magma transport and storage processes.
Ninety olivine-hosted (Fo78-88) melt inclusions were examined along with the
composition of the associated bulk-rock samples. The H2O (0.4-2.0 wt %) and CO2
(0.2-0.9 wt %, or 0.2-1.8 wt % after correction for vapor bubbles) variations in the
melt inclusions cannot be explained by equilibrium degassing. A strong correlation
between melt inclusion radius and H2O content for Hut Point samples indicates that
diffusive loss of H+ has occurred. Based on vapor saturation pressure trends, it is
inferred that a magma reservoir existed below Hut Point at a depth of ~18 km, and by
modelling diffusive loss of H+ for melt inclusions, it is shown that the magmas
ascended from this depth in less than a year. Melt inclusions from Terror and Bird
lack evidence of diffusive loss of H+ and there are not strong chemical indicators of
CO2 fluxing. Compositional heterogeneities in melt inclusions indicate that magma
mixing occurred, making it difficult to interpret H2O and CO2 trends. Melt inclusions
from these volcanoes were entrapped polybarically, inconsistent with entrapment in a
single storage region. Published analyses of 54 olivine-hosted (Fo53-83) melt
inclusions in seven samples from Erebus volcano on Ross Island were re-examined
for comparative purposes. Low H2O (~0.1 wt %) and CO2 (0-0.2 wt %) contents and
the evolved compositions of these indicate that Erebus magmas undergo shallow (<6
km) crystallization before eruption, probably in a shallow storage region. Magmas
from the surrounding volcanoes show no sign of shallow storage.
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PETROLOGY : METAMORPHIC

36. GARBER J. M., HACKER B. R., KYLANDER-CLARK A. R. C. et al.: Controls
on trace element uptake in metamorphic titanite: implications for petrochronology. J.
Petrol. 58(6), 2017, 1031-1058. [jmgarber@umail.ucsb.edu]
Petrochronology - the interpretation of isotopic dates with complementary

elemental data requires understanding the relationship between trace elements in
chronometers and the petrological evolution of their host rocks. Titanite is a useful
petrochronometer for crustal processes, but how titanite records host rock evolution is
uncertain. We present an extensive titanite U-Pb and chemical dataset from felsic
gneisses and leucosomes in the Western Gneiss Region (WGR) of Norway. Mineral
textures, U–Pb dates, and major, minor, and trace element chemistry reveal three
titanite populations: (1) Precambrian igneous titanite [high light rare earth elements
(LREE), Th, Pb, Zr; low Al, F]; (2) Caledonian recrystallized titanite (low LREE, Th,
Pb) that formed from dissolution–reprecipitation of the Precambrian titanite and cocrystallized with allanite; (3) Caledonian neocrystallized titanite (high Al, F and
variable REE). Although titanite records multiple igneous and metamorphic events in
the WGR, we use a principal components analysis to identify distinct petrological and
thermal effects on trace element uptake that hold across all titanite populations.
Coupled with textural observations, these data show that different trace element
patterns between populations predominantly represent the activity of different rock
reactions during continental subduction and exhumation; using correlations between
principal component scores and trace element abundances or ratios, we discriminate
which phases co-crystallized with titanite. Our results further demonstrate that thermal
and fluid partitioning effects can complicate interpretations of rock petrology from
titanite trace elements, but these factors can be assessed by measuring specific trace
elements (e.g. Al, Zr).

37. LEWERENTZ Alexander, SKELTON Alasdair D. L., LINDE Josefin K. et al.:
On the association between Veining and index mineral distributions in Barrow’s
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metamorphic zones, Glen Esk, Scotland. J. Petrol. 58(5), 2017, 885-908.
[Alexander.lewerentz@geo.su.se]
The concept of index mineral based metamorphic zones was first introduced
by George Barrow in 1912 and the Barrovian metamorphic zones continue to be used
as a framework for describing regional metamorphism. Pressure, temperature, and
protolith composition are widely recognized as primary controls on index mineral
distribution. Today, metamorphic fluid flow is also recognized as an important driver
of metamorphic reactions. The aim of this study is to establish if and how
metamorphic

fluids

control

index

mineral

distribution

during

Barrovian

metamorphism. We use samples from Barrow’s type locality in Glen Esk, SE Scottish
Highlands, to study possible relationships between veining and index mineral
distribution. In addition to petrographic and textural observations, we use whole-rock
compositions, mineral compositions and oxygen isotope analyses. At low grade, in the
chlorite zone and most of the biotite zone, no correlation between veining and index
mineral distribution is seen. At higher grade, in the garnet and staurolite zones, index
mineral abundance is shown to be higher adjacent to veins. These trends coincide with
other mineralogical, chemical, and isotopic changes in the vein-proximal rock,
indicative of fluid–rock interaction. Kyanite distribution is homogeneous in the
kyanite zone. However, we show that this too relates to extensive fluid–rock
interaction. Garnet-, staurolite-, and kyanite-bearing selvedges are common in the
sillimanite zone. However, sillimanite distribution is unrelated to these selvedges,
which supports models arguing that sillimanite formed during a separate metamorphic
event. We infer fluid flow from high grade to low grade because the fluid was out of
isotopic equilibrium with the lower grade rocks, but in equilibrium with the higher
grade rocks. We conclude that fluid flow played a major role in the stabilization and
distribution of Barrovian index minerals in Glen Esk, and that the importance of fluid
flow was greater at higher metamorphic grades.
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PLANETS AND METEORITES

38. CLAY Patricia L., BURGESS Ray, BUSEMANN Henner et al. : Halogens in
chondritic meteorites and terrestrial accretion. Nature 551(7682), 2017, 614-618.
[patricia.clay@manchester.ac.uk]
Volatile element delivery and retention played a fundamental part in Earth’s
formation and subsequent chemical differentiation. The heavy halogens-chlorine (Cl),
bromine (Br) and iodine (I) - are key tracers of accretionary processes owing to their
high volatility and incompatibility, but have low abundances in most geological and
planetary materials. However, noble gas proxy isotopes produced during neutron
irradiation provide a high-sensitivity tool for the determination of heavy halogen
abundances. Using such isotopes, here we show that Cl, Br and I abundances in
carbonaceous, enstatite, Rumuruti and primitive

ordinary chondrites are about 6

times, 9 times and 15–37 times lower, respectively, than previously reported and
usually accepted estimates1. This is independent of the oxidation state or petrological
type of the chondrites. The ratios Br/Cl and I/Cl in all studied chondrites show a
limited range, indistinguishable from bulk silicate Earth estimates. Our results
demonstrate that the halogen depletion of bulk silicate Earth relative to primitive
meteorites is consistent with the depletion of lithophile elements of similar volatility.
These results for carbonaceous chondrites reveal that late accretion, constrained to a
maximum of 0.5 ± 0.2 per cent of Earth’s silicate mass, cannot solely account for
present-day terrestrial halogen inventories. It is estimated that 80–90 per cent of heavy
halogens are concentrated in Earth’s surface reservoirs and have not undergone the
extreme early loss observed in atmosphere-forming elements. Therefore, in addition to
late-stage terrestrial accretion of halogens and mantle degassing, which has removed
less than half of Earth’s dissolved mantle gases, the efficient extraction of halogenrich fluids from the solid Earth during the earliest stages of terrestrial differentiation is
also required to explain the presence of these heavy halogens at the surface. The
hydropilic nature of halogens, whereby they track with water, supports this
requirement, and is consistent with volatile-rich or water-rich late-stage terrestrial
accretion.
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POLAR GEOLOGY

39. GREENWOOD Sarah: Antarctic ice dynamics in warm climates. Nature 552(7684),
2017, 183-184. [sarah.greenwood@geo.su.se]
Some numerical models suggest that melting of the Antarctic Ice Sheet will
cause global sea level to rise by 3 metres or more by 2300. But such models differ in
the exact magnitude of the rise, as well as in which parts of the ice sheet are likely to
contribute and the mechanisms involved. One way of assessing how well models
perform is to see whether they correctly ‘hindcast’ the ice sheet’s response to past
changes which requires independent geological evidence of what actually happened.
Gulick et al. present a record of sedimentation on the periphery of the Antarctic,
beyond the Aurora sector that drains ice from the east of the continent. The record
spans the whole period from ice-sheet inception to the present day, and reveals how
the ice sheet has responded or not to warm climate periods in the past.

40. GULICK Sean P. S., SHEVENELL Amelia E., MONTELLI Aleksandr et al.:
Initiation and long-term instability of the east Antarctic ice sheet. Nature 552(7684),
2017, 225-229. [sean@ig.utexas.edu]
Antarctica’s continental-scale ice sheets have evolved over the past 50 million
years. However, the dearth of ice-proximal geological records limits our
understanding of past East Antarctic Ice Sheet (EAIS) behaviour and thus our ability
to evaluate its response to ongoing environmental change. The EAIS is marineterminating and grounded below sea level within the Aurora subglacial basin,
indicating that this catchment, which drains ice to the Sabrina Coast, may be sensitive
to climate perturbations. Here we show, using marine geological and geophysical data
from the continental shelf seaward of the Aurora subglacial basin that marineterminating glaciers existed at the Sabrina Coast by the early to middle Eocene epoch.
This finding implies the existence of substantial ice volume in the Aurora subglacial
basin before continental-scale ice sheets were established about 34 million years ago.
Subsequently, ice advanced across and retreated from the Sabrina Coast continental
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shelf at least 11 times during the Oligocene and Miocene epochs. Tunnel valleys
associated with half of these glaciations indicate that a surface-meltwater-rich subpolar glacial system existed under climate conditions similar to those anticipated with
continued anthropogenic warming. Cooling since the late Miocene resulted in an
expanded polar EAIS and a limited glacial response to Pliocene warmth in the Aurora
subglacial basin catchment. Geological records from the Sabrina Coast shelf indicate
that, in addition to ocean temperature, atmospheric temperature and surface-derived
melt water influenced East Antarctic ice mass balance under warmer than present
climate conditions. Our results imply a dynamic EAIS response with continued
anthropogenic warming and suggest that the EAIS contribution to future global sealevel projections may be underestimated.

SEDIMENTOLOGY

41. BOUSSAHA Myriam, THIBAULT Nicolas, ANDERSKOUV Kresten et al. :
Controls on upper Campanian-Maastrichtian chalk deposition in the eastern Danish
basin. Sedimentology 64(7), 2017, 1998-2030. [lars.stemmerik@snmku.dk]
Detailed facies analysis of a 350 m long core of upper Campanian–
Maastrichtian chalk at Stevns Peninsula, eastern Denmark, shows that four mudstone
and wackestone chalk facies account for close to 95% of the succession, and that
bioturbated mudstone chalk alone accounts for nearly 55% of the sediment.
Sedimentation took place in deep water, below the photic zone and storm-wave base,
and is characterized by decimetre to metre-scale variations in facies and trace fossil
assemblages indicating repeated shifts in depositional environment. Integration of
facies with published data on sea-surface temperature and accumulation rates suggests
that sea-surface temperature is the most important parameter in controlling
stratification of the water column and thereby, indirectly, the observed variations in
depositional facies. However, bioturbated mudstone chalk occurs in all stratigraphic
levels independent of accumulation rates and sea temperatures and is interpreted to
represent a very broad set of deep water environmental conditions with an ample
supply of calcareous nannofossil debris and intense bioturbation. Longer term shifts in
48

Earth Science Abstract

Vol. 41, No.1

deposition are best expressed by distribution of clay, flint and bioturbated
micro-wackestone, bioturbated wackestone and laminated mudstone chalk facies,
whereas the trace fossil assemblages appear less useful. The data set indicates overall
shallowing over time with two distinctive events of clay influx to the basin during the
late Campanian–earliest Maastrichtian and late Maastrichtian.

42. JIE Xu, SNEDDEN John W., STOCKLI Daniel F et al.: Early Miocene
continental-scale sediment supply to the Gulf of Mexico basin based on detrital zircon
analysis. Geol. Soc. America Bull. 129(1-2), 2017, 3-22. [jiexu@utexas.edu]

The early Miocene was a period of major continental margin progradation in
the Gulf of Mexico Basin that accompanied prominent tectonic and climatic changes
in North America. However, sediment pathways from continental upland sources to
deep basinal sinks remain poorly constrained. This study presents 2192 new detrital
zircon U-Pb analyses from 19 Lower Miocene samples spanning the entire northern
Gulf of Mexico margin to elucidate early Miocene sediment provenance and
paleodrainage systems. The U-Pb age patterns indicate that the Great Plains, southern
Rocky Mountains, and mid-Cenozoic volcanic field were the major source terranes for
the western-central Gulf of Mexico coast, whereas the Appalachian foreland basin and
Appalachian Mountains mainly contributed sediment to the eastern Gulf of Mexico
coast. Local source terranes included the Llano uplift and Edwards Plateau in central
Texas and the Ouachita Mountains and foreland basin in Oklahoma and Arkansas. A
comparison to previous detrital zircon studies around the Gulf of Mexico indicates
that sediment recycling was important during the early Miocene. Sediment associated
with major paleorivers, including the Rio Bravo, Rio Grande, Houston-Brazos, Red,
Mississippi, Tombigbee, and Apalachicola Rivers, can be differentiated using the
detrital zircon U-Pb analyses. These data help to better define the early Miocene
source-to-sink system in the northern Gulf of Mexico, by relating the basin fill to
hinterland tectonic and geological evolution. In comparison to the Paleocene–Eocene
Wilcox drainage system, the early Miocene drainage system of the northern Gulf of
Mexico was smaller and received less input from western Mexico arc terranes and
Archean basement in Wyoming. This drainage area reduction, related to regional
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thermal uplift and Basin and Range–Rio Grande rifting, likely explains the reduced
sediment volume of the Lower Miocene strata in the Gulf of Mexico relative to the
Paleocene–Eocene Wilcox Group.

43. FROUDE Melanie J., ALEXANDER Jan, BARCLAY Jenni et al.: Interpreting
flash flood palaeoflow parameters from antidunes and gravel lenses: an example from
Montserrat,

West

Indies.

Sedimentology

64(7),

2017,

1817-1845.

[m.froude@sheffield.ac.uk]
The wavelength of stationary water-surface waves and their associated
antidune bedforms are related to the mean velocity and depth of formative flow. In
past published sand-bed flume experiments, it was found that lens structures were
preserved during antidune growth and change, and the dimension of the lenses was
empirically related to antidune wavelength, and thus could be used to estimate flow
velocity and depth. This study is the first to compare observations of formative flow
conditions and resulting sedimentary structures in a natural setting, testing the
previously published relationship at a field-scale. Trains of stationary and upstream
migrating water-surface waves were prevalent during the flash flood in October 2012
in the Belham Valley, Montserrat, West Indies. Wave positions and wavelengths were
assessed at 900 sec intervals through the daylight hours of the event within a
monitored reach. The wave data indicate flow depths up to 1·3 m and velocity up to
3·6 m sec−1. Sedimentary structures formed by antidune growth and change were
preserved in the event deposit. These structures include lenses of clast-supported
gravel and massive sand, with varying internal architecture. The lenses and associated
low-angle strata are comparable to sand-bed structures formed from stationary and
upstream migrating waves in flume experiments, confirming the diagnostic value of
these structures. Using mean lens length in the event deposit underestimated peak
flow conditions during the flood and implied that the lenses were preserved during
waning flow.
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44. TUFANO Brandon C. and PIETRAS Jeffrey T.: Coupled flexural-dynamic
subsidence modeling approach for retro-foreland basins: example from the western
Canada sedimentary basin. Geol. Soc. America Bull. 129(11-12), 2017, 1622-1635.
[jpietras@binghamton.edu]

This study presents a new analytical modeling approach to estimate the
magnitudes of regioal thrust load–controlled flexural subsidence and dynamic
subsidence related to mantle flow within a retro-foreland basin, thereby providing a
prediction of the present-day basin geometry. The Western Canada Sedimentary
Basin, with a wealth of well data and previous studies, was used to constrain the
approach. In contrast to previous studies, this model uses laterally variable
lithospheric flexural rigidities. Constant flexural rigidity cannot produce acceptable
matches to observed basin geometries, and it is geologically unreasonable in settings
extending across several crustal terranes and thermal regimes. Dynamic subsidence
estimates derived from this model agree with those based on mantle convection
modeling of the subducting Farallon plate beneath North America. It is this dynamic
component that led to regional accommodation more than 250 km beyond the thrust
front in the Western Canada Sedimentary Basin, because the flexural component does
not contribute to subsidence this far into the foreland. It follows then that initial
subsidence in retro-foreland basins can be attributed to dynamic processes, and that
the thrust load–related flexural component only contributes in areas within a few
hundred kilometers of the thrust front, depending on the flexural rigidity of the
lithosphere. The modeling approach developed here can be used in other retroforeland basins to estimate overall basin geometries where minimal data are available.
This has direct implications for predicting the regional distribution of facies in poorly
constrained basins, since basin geometry is one of the fundamental controls.
Additionally, regional subsidence models can be subtracted from the observed basin
geometries in well-constrained basins to yield estimates of local accommodation.

45. ZECCHIN Massimo, CAFFAU Mauro, CATUNEANU Octavian et al.:
Discrimination between wave-ravinement surfaces and bedset boundaries in Pliocene
shallow-marine deposits, crotone basin, southern Italy: an integrated sedimentological,
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micropalaeontological and mineralogical approach. Sedimentology 64(7), 2017, 17551791. [mzecchin@ogs.trieste.it]

The lower Pliocene Belvedere Formation, cropping out in the Crotone Basin,
southern Italy, exhibits a metre-scale to decameter-scale shallow-marine cyclicity that
shares features of both high-frequency sequences linked to shoreline shifts and
controlled by minor relative sea-level and/or sediment supply changes, and
sedimentological cycles unrelated to shoreline shifts. In order to better understand the
high-frequency sequence stratigraphic framework of this succession, an integration of
sedimentological, micropalaeontological (micro-foraminifera assemblages) and
mineralogical

(heavy

mineral

abundance)

data

is

used.

From

a

sedimentological/stratigraphic point of view, wave-ravinement surfaces bounding
high-frequency sequences, and associated substrate-controlled ichnofacies, are
prominent in outcrop and document environmental and water-depth changes, whereas
bedset boundaries separating sedimentological cycles have a more subtle field
appearance and are only associated with changes of environmental energy. Moreover,
condensed deposits are present only above wave-ravinement surfaces, and the highfrequency sequences bounded by these surfaces have a thickness that is an order of
magnitude greater than that of the bedsets. Micro-foraminifera assemblages may
change, and the content of heavy minerals usually increases, across wave ravinement
surfaces, whereas both parameters do not change significantly across bedset
boundaries. The abundance of heavy minerals is systematically higher, with respect to
the underlying and overlying deposits, in the condensed shell beds that overlie waveravinement surfaces. An integrated sedimentological, micropalaeontological and
mineralogical approach represents a powerful tool to discriminate between waveravinement surfaces bounding high-frequency sequences and bedset boundaries, and
in general to investigate at the intra high-frequency sequence scale. This integrated
approach is expected to be very useful in the study of potentially all shallow-marine
successions composed of small-scale cycles, in order to delineate a detailed sequence
stratigraphic framework and understand the factors that controlled the cyclicity.
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STRATIGRAPHY

46. VAN Loevezijn B. S. and VAN Loevezijn-Pena Agnes L. M.: Facies, cycles and
sequences in the Upper Devonian of the Bernesga area, Cantabrian mountains,
northern

Spain.

Z.

Dtschn.

Ges.

Geowiss.

168(3),

2017,

313-339.

[Agnes.VanLoevezijn@shell.com]

A stratigraphical analysis of the Upper Devonian mixed siliciclastic-carbonate
environment of the Bernesga area (southern Cantabrian Mountain, Northern Spain) is
presented. The succession is characterised by rapid lateral changes in facies as well as
in thickness. Thirteen siliciclastic and calcareous facies types are recognized. They are
arranged into six facies associations and represent distinct depositional environments
on the Upper Devonian shelf transect. The boundaries of transgressive and regressive
cycles are located and a sequence stratigraphical stack of three TST - HST successions
is constructed. They are capped by the transgressive Llombera Beds, which are the
TST of a fourth sequence. The southernmost part of the Bernesga area contains an
Upper Devonian succession different from the shallow marine shelf development of
the Asturo-Leonese facies area, but very similar to the pelagic Palentian facies.

47. HARRIS Elisha B., STROMBERG Caroline A. E., SHELDON Nathan D. et al.:
Revised chronostratigraphy and biostratigraphy of the early-middle Miocene railroad
Canyon section of central-eastern Idaho, USA. Geol. Soc. America Bull. 129(9-10),
2017, 1241-1251. [ebh4145@uw.edu]
The early–middle Miocene was an important transitional period in the
evolution of Earth’s biota and climate that has been poorly understood in North
America due to a paucity of continuous, fossil-bearing rock records in this interval for
which the ages have been robustly constrained. In the northern Rocky Mountains,
United States, one site in particular, known as the Railroad Canyon section, has
provided biostratigraphic, magnetostratigraphic, and lithostratigraphic evidence
suggesting a late early–middle Miocene age; however, radiometrically calibrated age
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models have been notoriously lacking. To better constrain the age of the Railroad
Canyon section and the abundant fossils preserved therein, we employed moderateand high-precision U-Pb dating of single zircon crystals from four ash horizons
throughout the section. The resulting dates span from 22.65 ± 0.37 Ma to 15.76 ± 0.22
Ma. Using these dates, we developed a radiometrically calibrated age model for the
Railroad Canyon section that constrains the age of the section to ca. 22.9–15.2 Ma, ∼5
m.y. older than previous estimates. These results firmly establish that the Railroad
Canyon section was deposited during buildup to peak warming of the mid-Miocene
climatic optimum. Additionally, these dates provide definitive age estimations for the
initiation and cessation of the early Miocene unconformity, a regional unconformity
exposed in many intermontane basins across the northern Rocky Mountains, as ca.
21.5 and 21.4 Ma, respectively, in the Railroad Canyon section. This new
chronostratigraphic analysis provides an impetus for reassessment of the
biochronology of the region, in turn suggesting earlier first appearances of many
biostratigraphically important taxa found in the northern Rocky Mountains, Great
Plains, and American Northwest.

48. SEELING Michael, EMMERICH Axel, BECHSTADT Thilo et al. : Sequence
stratigraphic framework and evolution of carbonate platform-basin systems in the
Triassic of the eastern Lombardian Alps. Z. Dtschn. Ges. Geowiss. 168(3), 2017, 341371. [m.seeling@enbw.com]
The architecture of Middle to early Late Triassic carbonate platforms in the
eastern Lombardian Alps is analysed following the accommodation and supply
concept. This allows proposing a new sequence stratigraphic scheme. The selected
study area can be seen as an earth sciences lab where in a relatively small area distinct
synsedimentary tectonics in combination with global sea-level fluctuations caused
pronounced differences in basin evolution, leading to repercussions in the carbonate
platform development from the Anisian to the Carnian. A base-level fall in the
Pelsonian favoured in the area of a long-lasting topographic high and shortly after the
Permian-Triassic crisis of carbonate platforms the growth of the first in a cycle of
carbonate build-ups, the Camorelli Bank. Slow subsidence combined with high
carbonate production caused strong progradation of this carbonate bank. The Calcare
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di Camorelli is followed later but in the same area by the Pora Platform succession.
This underlines that palaeotopography and related subsidence was an important
mechanism for platform growth in the area. The well-dated base-level rise at the
Pelsonian/Illyrian boundary caused platform flooding and the change to the marly
Prezzo Fm (shallow basinal facies) and nodular-cherty Buchenstein Fm (deep basinal
facies). In the early Longobardian, base-level fell gradually and the slow subsequent
base-level rise triggered the growth of four carbonate platforms in the study area
attributed to the Esino Fm: the Pora, Concarena, Pizzo Camino and Presolana
platforms. In this paper, the results from detailed sequence stratigraphic studies from
the Pora and Concarena area are presented. The cycle of carbonate platforms
attributed to the evolution of the Esino Fm led to formation of a much thicker platform
and slope succession compared to the preceding Camorelli platform cycle. This
development can be best studied at the Concarena area. Initially, an aggradational to
weak progradational pattern can be observed, indicating strong subsidence combined
with high carbonate production. The lagoonal upper part of the Concarena platform
shows much reduced cycle-thicknesses compared with the cycles of the preceding
platform stage, combined with strong progradation of the platform slope. At its top,
only the Pora Platform shows distinct emersion features, due to a base-level fall and
underpinning the position on a local structural high, in contrast to the Concarena,
which had somewhat higher subsidence rates and do not show signs of emersion.

STRUCTURAL GEOLOGY

49. JUNPENG Wang, TIMOTHY Kusky, LU Wang et al.: Structural relationships
along a Neoarchean Arc-Continent Collision Zone, North China Craton. Geol. Soc.
America Bull. 129(1-2), 2017, 59-75. [tkusky@gmail.com]

The Archean North China craton is composed of the Western block, Eastern
Block, and the intervening Central orogenic belt. A 4–10-km-wide and 85-km-long
tectonic mélange belt informally called the Zanhuang tectonic mélange is documented
in the Zanhuang Massif of the Central orogenic belt, separating the Eastern block
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from an Archean arc terrane in the Central orogenic belt. The mélange belt contains a
structurally complex tectonic mixture of metapelites, metapsammites, marbles, and
quartzites mixed with exotic tectonic blocks of volcanic, mafic, and ultramafic rocks,
metabasalts that locally include relict pillow structures, and tonalite-trondhjemitegranodiorite (TTG) gneisses. The Zanhuang tectonic mélange marks the suture of an
arc-continent collisional zone between the Western Zanhuang Massif in the Central
orogenic belt and the Eastern Block of the North China craton, and it is one of the
best-preserved Archean tectonic mélanges in the world. Here, using zircon U-Pb
dating of various types of blocks from the Zanhuang mélange, we show that the
formation and associated deformation of the Zanhuang mélange occurred in the
Neoarchean (ca. 2.5 Ga). High-precision (1:20–1:200) lithostructural mapping of three
key outcrops reveals details of the internal fabrics and kinematics of the mélange and
regional structural relationships along the arc-continent collisional zone. A synthesis
of studies on the tectonic evolution of the North China craton, coupled with our new
fabric and kinematic analysis of the Zanhuang mélange, further constrains the initial
amalgamation timing and geometry of the arc-continent collision between the Fuping
arc terrane in the Central orogenic belt and the Eastern Block with a northwestdipping subduction polarity. The asymmetric structures and mixture of different
blocks and matrices with folding and thrusting events in the Zanhuang mélange record
kinematic information that is consistent with the tectonic setting of an accretionary
wedge that was thrust over the passive margin of the Eastern block by 2.5 Ga.
Lithostructural mapping shows that the classic mélange and fold-and-thrust structures
along the Neoarchean arc-continent collisional zone are broadly similar to
Phanerozoic collisional belts.

TECTONICS

50. PENGFEI Li, MIN Sun, GIDEON Rosenbaum et al.: Late paleozoic closure of the
Ob-Zaisan ocean along the Irtysh shear zone (NW China): implications for arc
amalgamation and oroclinal bending in the Central Asian orogenic belt. Geol. Soc.
America Bull. 129(5-6), 2017, 547-569. [pengfeili2013@gmail.com]
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The largest accretionary orogen in the world, the Central Asian orogenic belt,
has evolved through the assembly of various oceanic and continental blocks.
Understanding the processes associated with the development of this orogenic belt
relies on precise recognition of the boundaries between various terranes. One such
major suture zone, which records the collisional history of the Siberian marginal arc
system (Chinese Altai) with intra-oceanic arc systems (East/West Junggar) is the
Irtysh shear zone in NW China. The spatial continuity and the tectonic nature of this
shear zone are still poorly understood, but its development has supposedly made a
significant impact on the architecture of the western Central Asian orogenic belt and
the formation of the Kazakhstan orocline. Here, we provide new insight into the
evolution of this shear zone based on detrital zircon ages, Hf isotope composition,
structural data and 40Ar/39Ar age constraints on the timing of deformation. Our results
show a major discrepancy in detrital zircon populations and Hf model ages across the
southern Chinese Altai and the northern East/West Junggar, thus allowing us to map
the exact location of the tectonic boundary. Detrital zircon data constrain the initial
closure of the Ob-Zaisan Ocean to the late Carboniferous (<323 Ma), and new
structural and 40Ar/39Ar geochronological data shed light on the subsequent collisional
processes. We propose that the collisional zone between the Chinese Altai and the
East/West Junggar was initially subjected to crustal thickening at ca. 323–295 Ma,
followed by orogen-parallel extension (ca. 295 Ma) and transpressional deformation
(ca. 286–253 Ma). The closure of the Ob-Zaisan Ocean in NW China postdates the
initial phase of oroclinal bending in the western Central Asian orogenic belt, thus
indicating that oroclinal bending initiated during subduction. Based on our new
constraints and other available geological data, we suggest that the early stage of
oroclinal bending was likely driven by slab rollback.

51. SINCLAIR H. D., MUDD S. M., DINGLE E. et al.: Squeezing river catchments
through tectonics: shortening and erosion across the Indus Valley, NW Himalaya.
Geol. Soc. America Bull. 129(1-2), 2017, 203-217. [hugh.sinclair@ed.ac.uk]
Tectonic displacement of drainage divides and the consequent deformation of
river networks during crustal shortening have been proposed for a number of
mountain ranges, but never tested. In order to preserve crustal strain in surface
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topography, surface displacements across thrust faults must be retained without being
recovered by consequent erosion. Quantification of these competing processes and the
implications for catchment topography have not previously been demonstrated. Here,
we use structural mapping combined with dating of terrace sediments to measure
Quaternary shortening across the Indus River valley in Ladakh, NW Himalaya. We
demonstrate similar to 0.21 m k.y.(-1) of horizontal displacement since ca. 45 ka on
the Stok thrust in Ladakh, which defines the southwestern margin of the Indus Valley
catchment and is the major back thrust to the Tethyan Himalaya in this region. We use
normalized river channel gradients of the tributaries that drain into the Indus River to
show that the lateral continuation of the Stok thrust was active for at least 70 km along
strike. Shortening rates combined with fault geometries yield vertical displacement
rates that are compared to time-equivalent erosion rates in the hanging wall derived
from published detrital Be-10 analyses. The results demonstrate that vertical
displacement rates across the Stok thrust were approximately twice that of the timeequivalent erosion rates, implying a net horizontal displacement of the surface
topography, and hence narrowing of the Indus Valley at similar to 0.1 m k.y.(-1). A
fill terrace records debris-flow emplacement linked to thrust activity, resulting in
damming of the valley and extensive lake development. Conglomerates beneath some
of the modern alluvial fans indicate a northeastward shift of the Indus River channel
since ca. 45 ka to its present course against the opposite side of the valley from the
Stok thrust. The integration of structural, topographic, erosional, and sedimentological
data provides the first demonstration of the tectonic convergence of drainage divides
in a mountain range and yields a model of the surface processes involved.
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