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Abstract
GeoSoilEnviroCARS (GSECARS) is a comprehensive analytical laboratory for Earth and environmental science research 
using X-ray beams from the Advanced Photon Source, Argonne National Laboratory. State-of-the-art instruments are avail-
able for (1) high-pressure/high- or low-temperature diffraction, total scattering, and spectroscopy (Brillouin, Raman, and 
VIS-IR) using the laser heated diamond anvil cell (DAC); (2) high-pressure/high-temperature diffraction, scattering, and 
imaging as well as acoustic emission (AE) and ultrasonics using the large-volume press (LVP); (3) powder, single crystal, and 
surface/interface diffraction; (4) X-ray absorption fine structure spectroscopy; (5) X-ray fluorescence microprobe analysis; 
and (6) microtomography. Experiments are facilitated by senior level staff who collaborate on all aspects of the analytical 
work including experiment design, sample preparation, data collection, data interpretation, and publication preparation. 
Both technical and scientific synergies occur as a result of the intimate association of the various techniques and scientists 
experienced in the applications of synchrotron radiation to Earth, environmental, and planetary science problems. The facil-
ity includes state-of-the-art instrumentation designed and built in-house, including custom X-ray optics, online and offline 
laser-based systems, specialized sample environments and positioning systems, as well as pixel-array and multi-crystal energy 
dispersive X-ray detectors, which are available to be shared among the experimental stations.

Keywords  Synchrotron radiation · X-ray analytical methods · User facilities · Geochemistry · Geophysics

Introduction

GeoSoilEnviroCARS (GSECARS) is a national user facility 
at the Advanced Photon Source (APS, Argonne National 
Laboratory, USA) dedicated to frontier research in the Earth, 
environmental and planetary sciences. GSECARS was 
designed and constructed as a community facility, beginning 

in 1994. The design was a community effort supported by 
five design teams, consisting of leaders in the field of each 
technique: (1) Diamond anvil cell (DAC), (2) Large volume 
press (LVP), (3) X-ray diffraction and scattering, (4) X-ray 
absorption spectroscopy and anomalous scattering, and (5) 
X-ray fluorescence microprobe and microtomography. Most 
principal synchrotron-based analytical techniques in demand 
by scientists and students in these fields are available for use 
(Table 1). 

High-pressure, high-temperature devices are available to 
study the properties of candidate core and mantle materi-
als under relevant conditions. The diamond anvil cell, with 
both laser and external heating, can reach pressure and 
temperature conditions present in the interiors of the Earth 
and other planets with diffraction and spectroscopic meth-
ods applicable for determining equation of state, melting 
behavior, structure, phase relations, chemical reactions and 
kinetics, transport, elastic, electronic and optical properties 
of a wide range of minerals. Multi-anvil presses coupled 
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with differential rams, diffraction, tomographic imaging, 
ultrasonics, and acoustic emission (AE) methods provide a 
versatile approach to explore the structural and rheological 
properties of Earth materials that are the foundations for 
geodynamic modeling. Both types of high-pressure instru-
ments are applicable to samples covering the entire range 
of crystallinity from single crystals to amorphous materials 
and melts. General purpose diffractometers are available for 
single crystal and powder diffraction, surface and interface 
scattering, and grazing-incidence spectroscopy. These com-
plementary techniques allow studies of chemical interac-
tions at interfaces between minerals and aqueous solutions, 
reactions that often dominate the fate and transport of trace 
elements and pollutants within the Earth’s hydrosphere. 
X-ray microprobe techniques are used for fundamental 
geochemical studies of the complex heterogeneous systems 
applying X-ray fluorescence, X-ray absorption fine structure 
spectroscopy, diffraction, and tomography with micrometer 
spatial resolution. The absorption tomography system can be 
used for the non-destructive study of the internal structures 
of samples such as fossils, the distribution and location of 
inclusions in diamonds, the porosity and density of weath-
ered rocks, studies of granular flow, and the transport of 
fluids such as water and oils in porous media. Raman and 
optical spectroscopy in combination with X-ray techniques 
provide a powerful approach for acquiring the multi-faceted 
data needed to develop realistic models of how the interior 
and surface of the Earth and other planets formed, evolved, 
and currently operate.

Because of the all-encompassing nature of the facility, 
GSECARS can be considered a comprehensive analytical 
laboratory consisting of four beamlines with a total of five 
experimental stations. Senior level staff with extensive expe-
rience in both Earth science and instrumentation develop-
ment are available at each instrument to collaborate on all 
aspects of the analytical work including experiment design, 
sample preparation, data collection, data interpretation, and 

publication preparation. The science program is largely 
driven by the high-impact experiments defined by our users 
in collaboration with GSECARS staff that in turn are driven 
by funding agency priorities and support to these individual 
investigators. The intimate association of the various tech-
niques leads to synergistic developments in instrumenta-
tion, analytical capabilities, and scientific projects. A suite 
of state-of-the-art X-ray detectors, including pixel-array and 
multi-crystal energy dispersive detectors, are available to be 
shared among the experimental stations.

Sector overview

GSECARS is a sector (a storage ring port with both inser-
tion device and bending magnet sources) at the APS (Fig. 1). 
The sector consists of canted undulator (i.e., two insertion 
devices) beamlines (13-ID), a split bending magnet beam-
line (13-BM), and five support laboratories. Each beamline 
consists of a first optics enclosure (13-ID-A and 13-BM-
A), second optics enclosure (13-ID-B and 13-BM-B), and 
experimental stations (13-ID-C, 13-ID-D, 13-ID-E, 13-BM-
C, and 13-BM-D). Four of the five experimental stations 
operate simultaneously: 13-BM-C, 13-BM-D, 13-ID-E, and 
13-ID-C or 13-ID-D. The bending magnet fan is divided into 
two parts. An outboard fan of 2.5 mrad feeds the 13-BM-D 
station, and an inboard fan of 1.5 mrad feeds the 13-BM-C 
station. These fans are separated by 1 mrad. The extreme 
inside and outside 0.5 mrad on each edge of the 6 mrad fan 
is not used. The primary techniques, instrumentation, and 
science areas available in each station are summarized in 
the following sections.

Fig. 1   Layout of the GSECARS sector (13) at the Advanced Photon Source, Argonne National Laboratory, USA
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Diamond anvil cell high‑pressure diffraction 
and spectroscopy

Stations: 13-ID-D, 13-BM-C, 13-BM-D and offline laser 
laboratory.

Techniques: Monochromatic non-crystalline, powder, and 
single-crystal diffraction, Emission spectroscopy, Brillouin 
and Raman spectroscopy.

Technical description: Diamond anvil cell (DAC) high-
pressure experiments are conducted in three stations. The 
DAC instrument in the 13-ID-D end station (Fig. 2) uses a 
3.0 cm period undulator as an X-ray source. The monochro-
mator is a cryogenically cooled, Si (111) or Si (311), fixed 
offset, double-crystal instrument operating between 5 and 
75 keV. Dynamically bent, Kirkpatrick-Baez (KB) mirrors 
(200 mm Si, Pt coated) are used to focus the beam to ~3 µm 
diameter and a pinhole is used to block the wings of this 
microfocused beam. The 13-ID-D standard setup allows 
collecting diffraction data in situ at extreme pressure and 
temperature in static and time-domain modes including with 
the DAC in a cryostat coupled with compression membrane. 
The ~1 μm wavelength fiber lasers for double-sided laser 

heating are equipped with flat-top shaping optics ensuring 
a uniform heating spot of 10–30 μm on both sides (Prakap-
enka et al. 2008). These lasers can be operated in continu-
ous or pulsed mode with repetition rates up to 50 kHz. A 
CO2 laser (~10 μm wavelength) provides efficient heating 
of substances transparent to the near IR light (~1 μm wave-
length) without the need for a light absorber. Temperature 
is estimated by fitting the thermal radiation spectrum to the 
Planck radiation function. Most experiments utilize a Dec-
tris Pilatus3 X CdTe 1 M pixel array detector (shared with 
ChemMatCARS Sector 15). An alternative setup allows 
X-ray emission spectroscopy (XES) measurements at high 
temperature and high pressure in the laser heated DAC to 
probe the spin-state of iron in mineral-forming iron-bearing 
phases. X-ray emission of the iron Kβ1,3 line is probed using 
a Si 440 analyzer coupled with the Pilatus 100 K Si detector 
held in a fixed position allowing energy scanning between 
7018 and 7078 eV.

The 13-BM-D bending magnet station has a non-focus-
ing, water-cooled, Si (111) double-crystal monochromator 
that covers the energy range from ~5 to 90 keV. A 1-m long 
mirror in the 13-BM-B optics station is used for vertical 
focusing. A 200 mm KB mirror is placed on the experimen-
tal table for horizontal focusing to a spot ~4 × 12 μm (H × V). 
XRD measurements use a Pilatus3 S 1 M CdTe pixel array 

Fig. 2   a The laser-heated diamond anvil cell apparatus in station 
13-ID-D. The station hosts b low-temperature experiments in a cus-
tomized cryogenic enclosure, as well as, c total X-ray scattering 
experiments using the multichannel collimator setup (i = pinhole; 
ii = X–Y–Z–ω stack of sample stages; iii = X-ray detector (in a and b, 
Pilatus3 X 1 M CdTe and in c, Pilatus3 X 300 K CdTe or MAR165 

CCD); iv = Cryostat enclosure for laser-heated DACs with com-
pression membrane controller; v = multichannel collimator; vi and 
vii = downstream and upstream objectives for laser heating, respec-
tively; viii = optical microscope; ix = enclosure for horizontal and ver-
tical focusing KB mirrors). The system includes online Raman and 
VIS-IR spectroscopy
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detector. The XRD DAC setup includes Brillouin and Raman 
spectroscopy systems for measurement of elastic and opti-
cal properties at high pressure and high temperature in the 
externally heated DAC (Sinogeikin et al. 2006a) (Fig. 3).

The 13-BM-C beamline (Fig. 4), shared with the PX2 
partnership managed by the University of Hawaii, has a 
focusing Si (111) and Si (311) single-crystal, side-bounce 
monochromator operating at two fixed energies, Si (111) 
is used at 15 keV whereas the Si (311) is used at 28.6 keV. 
There is a 1-m long vertical focusing mirror in the 13-BM-B 
optics station which is used for vertical focusing, and a 

320-mm long KB mirror that is placed on the entrance bench 
in 13-BM-C for horizontal focusing in DAC experiments, 
with a final focal size of ~12 × 18 m (H × V). A Pilatus3 S 
1 M pixel array detector with 1-mm thick Si sensor is used 
for high-pressure XRD measurements, and a miniature opti-
cal platform is installed for sample observation, ruby fluo-
rescence, and laser heating (https://​link.​sprin​ger.​com/​artic​
le/​10.​1007/​s00269-​022-​01197-3).

A GSECARS laser laboratory is adjacent to the exper-
imental stations and is equipped with laser ultrasonic 
and high-resolution integrated optical systems. Optical 

Fig. 3   a Diamond anvil cell apparatus with Brillouin spectroscopy 
system in station 13-BM-D (i = horizontal focusing KB mirror; 
ii = pinhole; iii = a vacuum enclosure with double-stage membrane 
pressure controller and resistive-heating setup is shown mounted on 
a chi-rotational stage; iv = X–Y–Z–ω stack of sample stages; v = opti-

cal microscope; vi = Pilatus 3 S 1 M CdTe X-ray detector; vii = opti-
cal path for Brillouin system’s laser to the sample; viii = optical path 
of the samples’ scattered light to the interferometer). b Schematic 
of Brillouin spectroscopy optical paths. The system includes online 
Raman and VIS-IR spectroscopy

Fig. 4   The 6-circle diffractometer in station 13-BM-C used for a 
diamond anvil cell experiments, and b free-standing samples such 
as diamond inclusions (i = horizontal KB focusing mirror enclosure; 
ii = miniature optical platform for sample observation, ruby fluores-
cence and laser heating; iii = sample stage, for DAC experiments a 

vacuum enclosure with double-stage membrane pressure controller 
and resistive-heating setup is shown; iv = 6-circle goniometer; v = Pil-
atus3 S 1 M Si X-ray detector; vi = X-ray clean-up slit; vii = portable 
X-ray radiography setup)

https://springerlink.bibliotecabuap.elogim.com/article/10.1007/s00269-022-01197-3
https://springerlink.bibliotecabuap.elogim.com/article/10.1007/s00269-022-01197-3
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spectroscopy performed on the same sample as studied by 
X-ray diffraction and at the same P–T conditions greatly 
enhances the quality of this research and, moreover, provides 
unique new information on the chemical state of matter. We 
have built an integrated optical system with five excitation 
wavelengths (266, 473, 532, 660, and 946 nm) for Raman 
spectroscopy, confocal imaging, double-sided IR laser 
heating combined with high temperature Raman (including 
coherent anti-Stokes Raman scattering) and transient (based 
on a bright supercontinuum light source) spectroscopies in a 
wide spectral range (200–1600 nm) (Holtgrewe et al. 2019a).

To study elastic properties of opaque minerals in situ 
at high pressure and temperature, we have combined laser 
ultrasonic and laser heating techniques allowing shear and 
longitudinal wave velocities to be measured under extreme 
conditions. A 532-nm, 150 mW continuous laser is used 
as the probe in combination with the Nd:YAG (1064 nm) 
pulsed laser (pulse width of 0.5 ns at frequency of 1 kHz). 
A photodetector with a bandwidth of 1 GHz and a LeCroy 
WavePro 725Zi oscilloscope are used to record photoacous-
tic signals in time domain mode (Zinin et al. 2016).

Science areas: The GSECARS DAC instrumentation is uti-
lized for a wide range of experiments related to the compo-
sition of the Earth’s mantle and core and the processes at 
work in the deep Earth and other planets including equations 
of state and phase stability, element partitioning, accurate 
structural determinations, elasticity, rheology, kinetics of 
phase transformations, and chemical reactions at extreme 
conditions. Measuring the phase equilibria, transport, and 
elastic properties of minerals in situ at high pressure using 
a combination of X-ray, electrical conductivity, and optical 
probes combined with ex-situ characterization of sample 
texture (e.g., microtomography) and composition provides 
a powerful approach for acquiring the multi-faceted data 
needed to develop realistic models of how the interiors of 
the Earth and other planets formed, evolved, and currently 
operate. The GSECARS DAC program allows the study of 
materials with cutting-edge tools under in-situ high-pres-
sure and high/low-temperature conditions in the static or 
time domain modes to address the fundamental questions 
of evolution and structure of the Earth and other planetary 
bodies’ interiors (Prakapenka et al. 2005, 2008; Sinogeikin 
et al. 2006b; Goncharov et al. 2010; Kantor et al. 2012; Dera 
et al. 2013; Prescher and Prakapenka 2015; Zinin et al. 2016; 
Holtgrewe et al. 2019b; Lai et al. 2020; Hong and Newville 
2020). Selected science areas with examples of the most 
recent publications include the following:

Hydrous systems in the deep planetary interiors. The amount 
of hydrogen stored in the deep Earth and planetary inte-
riors is important for a range of questions, including the 
chemical stability of minerals, phase relations, and volatile 

incorporation during planetary formation. Combined syn-
chrotron X-ray diffraction and optical spectroscopy measure-
ments of H2O in the laser-heated DAC up to 150 GPa and 
6500 K reveal first-order transitions to ices with body-cen-
tered cubic and face-centered cubic oxygen lattices assigned 
to superionic phases based on the abrupt changes in density 
and optical conductivity at phase transitions (Prakapenka 
et al. 2021). P–T stability fields of superionic phases and 
the melting line suggest that these types of ice-forms exist 
at conditions deep inside water-reach planets like Neptune 
and Uranus and may play important roles in a planet’s mag-
netic fields formation (Fig. 5). A new hydrous iron oxide 
(η-Fe12O18+x/2Hx; x ~ 2) was shown to exist together with the 
major lower mantle minerals including bridgmanite (Brd) 
and periclase (Fp), making it an important hydrogen-bear-
ing phase in the Earth’s deep interior (Chen et al. 2020c). 
Hydrous ringwoodite converts to crystalline dense hydrous 
silica, stishovite (Stv) or CaCl2-type SiO2, containing 1 wt. 
% H2O together with Brd and MgO at the pressure–tempera-
ture conditions expected for shallow lower mantle depths 
between approximately 660 and 1600 km. The results may 
provide an explanation for the enigmatic coexistence of Stv 
and Fp inclusions in lower mantle diamonds (Chen et al. 
2020b). Formation of separate delta-AlOOH and hydrous 

Fig. 5   Phase diagram of water derived from XRD experiments at 
high temperature and pressure in the diamond anvil cell (Prakapenka 
et al. 2021) compared to calculated isentropes of Neptune (blue line) 
and Uranus (green line; Redmer et al. 2011). The gray field labeled 
“bcc-SI” corresponds to the stability field of the body-centered-cubic 
superionic phase. The teal field labeled “fcc-SI” corresponds to the 
stability field of the face-centered-cubic superionic phase. Note the 
abrupt change in the slope of the melting line in the pressure stability 
range of both superionic phases. At low temperature, the solid phase 
is either ice-VII, ice-VII’, or ice-X, depending on pressure. The fluid 
is either molecular ionic or conducting, depending on pressure. These 
results suggest the presence of face-centered cubic superionic ice in 
water-rich giant planets, such as Neptune and Uranus. Adapted from 
Prakapenka et al. (2021)
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CaSiO3 perovskite (Ca-Pv) phases from Al-bearing CaSiO3 
glass starting materials in an H2O medium at 60 GPa and 
1400 K, indicates that hydrous phases may coexist with 
hydrous Ca-Pv in the lower mantle (Chen et al. 2020a). Par-
tial melting could be triggered by dehydration of the Fe-
bearing hydrous phases due to a steep temperature gradi-
ent at the core-mantle boundary (CMB), and therefore the 
ultralow-velocity zones (ULVZs) might be the regions where 
partial melting occurs in the lowermost mantle (Yuan et al. 
2019).

Carbon bearing minerals. The ability of carbon to form 
sp2 and sp3 bonds leads to structural and chemical diver-
sity of carbon-bearing phases at extreme conditions. The 
single-crystal X-ray diffraction measurements using syn-
chrotron radiation allowed the structure of carbonates to 
be determined with high precision on atomic positions, 
bond lengths, and bond angles. The laser-heated synthetic 
(Mg0.85Fe0.15)CO3 single crystal at 2500 K and 98 GPa trans-
forms to a monoclinic phase with composition (Mg2.53Fe0.47)
C3O9, indexed in the C2/m space group that contains tetrahe-
drally coordinated carbon (Chariton et al. 2020). Dolomite 
(Mg, Ca)CO3 and iron at pressure and temperature condi-
tions of the deep lower mantle show that carbon-iron redox 
interactions destabilize the MgCO3 component, producing 
a mixture of diamond, Fe7C3, and (Mg, Fe)O. This trans-
formation constrains the thermodynamic stability of redox-
driven breakdown of carbonates and demonstrates progress 
toward multi-phase mantle petrology at the lowermost man-
tle (Dorfman et al. 2018). Other experiments (Lv et al. 2021) 
demonstrate that, at deep mantle conditions, MgCO3 reacts 
with silicates to form CaCO3, which allows us to predict 
that the signature of surface carbon reaching Earth’s lower-
most mantle may include CaCO3 with implications for deep 
mantle chemistry.

Elastic properties. The knowledge of elasticity of miner-
als measured in situ at high P–T conditions help to address 
important key questions in geoscience: composition of 
Earth’s mantle/core, plate subductions, origin of seismic het-
erogeneities. Combining Brillouin spectroscopy with high 
resolution synchrotron X-ray diffraction techniques allows 
simultaneous measurements of sound velocities, elastic 
moduli, and the volume/density, independent of any pressure 
standard. Direct experimental measurements with Brillouin 
spectroscopy provide constraints on the single-crystal elas-
ticity of salty ice up to 98 GPa at 300 K (Shi et al. 2021). 
The transition from ice-VII to the dynamically disordered 
phase and then to ice X is characterized by the anomalous 
variation in all the elastic constants followed by a change 
in the pressure gradient of the elasticity. These results pro-
vide important information for the internal structure of icy 
planetary bodies. The combined effects of pressure and 

temperature on the elastic moduli of single-crystal periclase 
using third-order Eulerian finite-strain equations showed 
that elastic moduli increased with increasing pressure but 
decreased with increasing temperature, except the off-diag-
onal modulus C-12, which remained almost constant up to 
30 GPa and 900 K (Fan et al. 2019). The modeling results 
showed that both the increase in the Fe content in Fp and 
the increasing depth could change the compressional wave 
anisotropy and shear wave splitting anisotropy of Fp in the 
upper parts of the lower mantle suggesting that Fe-induced 
lateral heterogeneities can significantly contribute to the 
observed seismic lateral heterogeneities in the Earth’s lower 
mantle (670–1250 km).

Melting. One of the most challenging experiments in the 
DAC is the precise determination of the melting tem-
peratures (Shen et al. 2004; Prakapenka et al. 2008). The 
instrumental sensitivity for probing a small amount of 
melt at the solidus was improved using the multichannel 
collimator thus allowing the detection of diffuse X-ray 
scattering. Diffuse scattering from a pyrolitic melt deter-
mined an anhydrous melting temperature of 3302 ± 100 K 
at 119 ± 6 GPa and 3430 ± 130 K at the CMB conditions, 
as the upper bound temperatures, suggesting that the CMB 
temperature is approximately 700 K lower than previous 
estimates (Kim et al. 2020). The high P–T melting experi-
ments on (Mg0.86Fe0.14)O up to 120 GPa and 5400 K in the 
laser-heated DAC showed that low-spin (Mg, Fe)O exhibits 
6–8% lower solidus and liquidus temperature than its high-
spin counterpart and iron preferentially partitions into melt 
within the spin crossover to generate iron-rich low-spin melt 
(Fu et al. 2018), which could provide plausible explanations 
for the characteristic seismological signatures.

Multi‑anvil press high‑pressure diffraction 
and imaging

Stations: 13-ID-D, 13-BM-D, 13-ID-C.

Techniques: Energy dispersive diffraction, Monochromatic 
diffraction, Radiography, Tomography, Acoustic emission, 
Ultrasonics.

Technical description: The 1000 T large volume press (LVP) 
in the 13-ID-D end station uses a 3.0 cm period undula-
tor as an X-ray source. The monochromator is a cryogeni-
cally cooled, Si (111), fixed offset, double-crystal instru-
ment operating between 5 and 75  keV (Fig.  6). White 
beam energy dispersive measurements and imaging are 
also available. Two high-pressure modules are used in this 
LVP interchangeably: (1) T-25, a split-cylinder type Kawai 
apparatus that uses 25.4 mm second-stage WC anvils, with 



	 Physics and Chemistry of Minerals (2022) 49:32

1 3

32  Page 8 of 24

compression along the [111] axis of the Kawai cell. Maxi-
mum attainable pressure and temperature are 28 GPa and 
3000 K, respectively. Standard cell assemblies: 8/3, 10/5, 
14/8. (2) DDIA-30, a large deformation DIA which can be 
operated in two modes. In deformation mode, one may use 
6-6MA cells (Nishiyama and Wang 2009) with desired anvil 
truncation to conduct deformation experiments, with strain 
and stresses controlled by the differential rams. In double-
stage hydrostatic mode, one can use second-stage anvils 
made of sintered diamond anvils (14 mm cubes) for ultra-
high-pressure experiments. Maximum pressure and tempera-
ture are currently 40 GPa and 2500 K, respectively. Acoustic 
interferometry is available for both modes. AE experiments 
are possible with the 6-6MA cell(s). More information can 
be found in Wang et al. (2009).

Multi-anvil experiments can be performed with a 250 T 
LVP in station 13-BM-D (Yu et al. 2019b) using the same 
beamline components as the DAC. Several configura-
tions of the press are available based on the “Swiss-Army 
Knife” approach. (1) DIA apparatus, ideal for viscosity 
and density measurements based on X-ray absorption. (2) 
D-DIA for controlled deformation experiments. (3) high-
pressure tomography apparatus for 3D sample microstruc-
tural imaging. (4) T-10, a smaller version of T-25. Both 
white and monochromatic radiation can be used. Acoustic 
interferometry is available for most of the devices. AE 
experiments are possible with the D-DIA and the high-
pressure tomography cell(s).

The 230 T Paris-Edinburgh apparatus is utilized in 
13-ID-C (collaboration with HPCAT Sector 16) for struc-
tural studies on amorphous materials using multi-angle 

Fig. 6   Left: 1000 T LVP in 
station 13-ID-D. Includes T-25 
module, DDIA-30, ultrasonics, 
acoustic emission, and electrical 
conductivity. Right: 250 T LVP 
in 13-BM-D. Multiple tech-
niques are available, including 
D-DIA controlled deformation, 
high pressure tomography, ultra-
sonics, and acoustic emission

Fig. 7   Paris-Edinburgh cell on the diffractometer in station 13-ID-C 
(top view). Includes Soller slits for beam collimation. Inset (bottom 
right): Diagram of PE assembly
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energy-dispersive diffraction (Fig. 7). Acoustic interfer-
ometry can be combined with diffraction.

Science areas: Advantages of LVPs in high-pressure studies 
include (1) large sample size, (2) minor and well-character-
ized pressure and temperature gradients, and (3) P–T paths 
that are well-controlled. Science areas include phase rela-
tions, combined P–V–T and acoustic velocity measurements 
for redundant equation of state determination, viscosity of 
melts, deformation studies with quantitative stress, strain, 
and strain rate information, melt curve definition, density 
and equation of state of non-crystalline materials, and high 
P–T crystallography.

Rheology of Earth materials at mantle P and T conditions. 
Deformation-DIA devices are used to explore the rheologi-
cal properties of Earth materials, properties that are the 
foundations for geodynamic modeling. These capabilities 
are utilized to study the rheology of a wide range of miner-
als that are relevant to the mantle transition zone (MTZ) 
and lower mantle (Xu et al. 2020b). The GSECARS LVPs 
allow direct measurement of melt viscosities at high pres-
sures using real-time X-ray radiography to monitor the fall 
of dense marker spheres through molten silicate melt (Tinker 
et al. 2004).

Mechanisms of deep focus earthquakes. The unique combi-
nation of D-DIA/DDIA-30 with AE allows systematic stud-
ies of phase transition triggered/induced failure mechanisms 
relevant to intermediate-depth and deep-focus earthquakes 
(Schubnel et al. 2013; Wang et al. 2017; Shi et al. 2018, 
2022; Incel et al. 2019). Recent developments include modi-
fied anvils in DDIA-30 to reach 10+ GPa on large samples 
suitable for AE detection. This is critical for studying trans-
formational faulting in silicate olivine, the “Holy Grail” of 
experimental investigation for deep focus earthquakes. Seis-
mological methodology is applied for AE event location and 
waveform analyses, improving location resolution by a factor 
of >10. Combined with X-ray microtomography imaging on 
recovered samples, AE distributions can be correlated with 
observed faulting in space and time.

Acoustic velocities and attenuation of transition zone, 
lower mantle, and core materials, as well as complex rock 
systems in the upper mantle (including partial melt systems). 
Four areas in this field are scientific foci (Jing et al. 2020). 
(i) Elasticity measurements of bridgmanite with various Al 
and Fe contents can help place tighter constraints on the 
lower mantle mineralogy (Chantel et al. 2012). (ii) Veloci-
ties of Fe–X (X = S, C, and O) liquids allow measurement 
of acoustic velocities of Fe-rich alloys in liquid state up to 
10 GPa and beyond (Jing et al. 2014). Silicate and carbonate 
melts with sufficiently low viscosities have also been studied 
using this technique to determine relaxed elastic properties 

(Xu et al. 2020a, 2022) (iii) Measurement of both P and S 
waves allows determination of acoustic wave quality factor 
(Q) at the frequency range of our instruments (20–80 MHz) 
providing constraints on Q of minerals at seismic frequen-
cies under realistic mantle P–T conditions (Chantel et al. 
2016). (iv) Origin of the low-velocity zone (LVZ) can be 
studied via measurements on olivine + mid-ocean ridge 
basalt (MORB) assemblies at P–T conditions where MORB 
is molten (Chantel et al. 2016). Chemical interactions among 
all the components can be analyzed to correlate with velocity 
and Q measurements. Acoustic velocity, density, and viscos-
ity measurements can be conducted on liquids in the LVP 
with ultrasonic interferometry, X-ray absorption, and falling-
sphere techniques, respectively (Wang et al. 2009).

Properties of amorphous materials. Atomic-scale structures 
of silicate liquids control density and transport properties 
of magmas under pressure. Figure 8 shows a subset of tech-
niques offered by the GSECARS LVP program for studying 
liquid properties. Liquid and amorphous structure measure-
ments are also obtained using the total scattering technique 
in the Paris-Edinburgh press (Yu et al. 2019a).

Interface, single crystal, and powder 
diffraction

Stations: 13-ID-C, 13-BM-C.

Techniques: Crystal truncation rod (CTR), X-ray standing 
waves (XSW), reflectivity, grazing incidence X-ray fluores-
cence (GI-XRF), Grazing incidence X-ray absorption fine 
structure (GI-XAFS), Microcrystallography.

Technical description: The 13-ID-C beamline is equipped 
with a cryo-cooled double-crystal monochromator with 
either Si (111) or Si (311) crystal pairs; a pair of 1-m 
long Si mirrors in KB geometry for X-ray beam focusing 
(~30 × 30 µm), collimation, and harmonic rejection using 
Si, Rh, and Pt stripes; and a heavy-duty Newport 6-circle 
kappa diffractometer (Fig. 9). Scattered X-rays are detected 
using Dectris Pilatus 100 k or 1 M pixel array detectors with 
Si sensors. X-ray fluorescence spectra are collected using 
Vortex ME4 or single element, silicon drift diode detec-
tors. The 13-ID-C monochromator can provide X-rays with 
energies between 5 and 75 keV, meaning elements heavier 
than vanadium should be accessible, although there are 
challenges associated with X-ray absorption by air, sam-
ple environments, beamline windows, etc. at the lower end 
of this energy range. The 13-BM-C beamline has a water-
cooled Rowland circle monochromator that provides X-rays 
with either 15 or 28.6 keV energy and focuses the beam to 
300 µm horizontally; a 1-m long Rh-coated Si mirror that 
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focuses the X-ray beam to 30 µm vertically; a diffractometer 
and detectors similar to those in the 13-ID-C instrument are 
utilized. The 13-BM-C instrument provides larger blocks 
of beamtime than at 13-ID-C, thus making it an excellent 
place to train new personnel and students, screen samples, 
prototype new sample environments, and test new prepara-
tion methods.

Science Areas: These experiments focus on chemical inter-
actions at interfaces between solids and aqueous solutions, 
reactions that often dominate the fate and transport of trace 
elements and pollutants within the Earth’s hydrosphere and 
are largely responsible for the trace element composition of 
the oceans, for example. A number of complementary sur-
face-sensitive techniques are currently in place at GSECARS 

Fig. 8   Structure–property correlations in tetrahedrally coordinated 
silicate melts at high pressure. Two compositions are examined in 
detail: diopside (Di; CaMgSi2O6) and jadeite (Jd; NaAlSi2O6). While 
the former is a depolymerized liquid, with ~2 non-bridging oxygen 
(NBO) per tetrahedral unit (NBO/T = 2), the latter is a fully polymer-
ized liquid with NBO/T = 0. The different connectivity of tetrahedra 
results in different response when the two liquids are compressed. a 
Si–Si (T-T) distance, determined by synchrotron X-ray scattering, as 
a function of pressure. For Di liquid, T-T distance is essentially inde-
pendent of pressure. For Jd liquid, T-T decreases rapidly in a highly 
non-linear fashion. b Si–O (T-O) bond distance in Di and Jd liquids 
show similar contrast in pressure dependence. Both a and b are mod-
ified from Wang et  al. (2014). c Compressibility of the two liquids 
as a function of pressure. Compressibility of Jd liquid is more than 
that of Di liquid and decreases more rapidly than that of Di. Data are 
from Xu et al. (2018, 2020b). The contrasting behavior is attributed 
to the degree of polymerization and voids in the two liquids (Wang 
et al. 2014). The two liquids also have very different viscosities, with 
contrasting pressure dependence. Viscosity of Jd is high (~10 Pa s at 

1 bar) due to polymerization and decreases with pressure, reaching a 
minimum near 4 GPa before turning over at higher pressures. Viscos-
ity of Di is much lower (~0.01  Pa  s at 1  bar) and increases mono-
tonically with pressure. The low viscosity of Di allows its relaxed 
elastic properties to be measured using ultrasonic techniques (Xu 
et  al. 2018). d An example of liquid acoustic signal (LS) observed 
in Di liquid at 5 GPa and 2284 K. Round trip acoustic travel time is 
between LS and the buffer rod (BF) pulses. (e1) Radiographic image 
of the sample between the dark buffer rod and backing plate. (e2) 
Sample length is determined using intensity derivative of digitized 
image of (e1). Velocity is then determined based on travel time and 
sample length (Xu et al. 2018). For the viscous Jd liquid, ultrasonic 
technique cannot provide relaxed elastic information. Relaxed com-
pressibility is determined using high-pressure microtomography (Xu 
et al. 2020b). (f1) Two cross sections of a reconstructed image of Jd 
liquid (“sample”) in a Mo capsule at 3.7 GPa and 1934 K. (f2) Digi-
tally extracted sample volume (Xu et  al. 2020b). These results pro-
vide direct information on how pressure modifies liquid structure, 
resulting changes in physical properties
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including; (1) crystal truncation rod (CTR) diffraction and 
grazing-angle reflectivity for the analysis of surface and 
interface structure; (2) resonant anomalous X-ray reflectiv-
ity (RAXR)—an element-specific form of CTR; (3) X-ray 
absorption fine structure and grazing-incidence absorption 

spectroscopy to probe the local structure and oxidation state 
of surface-bound species; (4) X-ray standing wave fluores-
cence-yield measurements for the determination of the posi-
tion and distribution of surface and interfacial species; and 
(5) powder diffraction in complex sample environments, 
enabling time-resolved in-situ measurements with aqueous 
solution flow, heating, and electrochemical control of redox 
states. The GSECARS General Purpose Diffractometers 
allow a combination of these techniques to be applied on 
samples under in-situ conditions (i.e., in the presence of bulk 
solution or controlled atmosphere).

Mineral–water interfacial structures. Mineral–water inter-
facial structures have been determined for a variety of envi-
ronmentally and economically important minerals, often 
coupling CTR measurements with computational meth-
ods (Bracco et al. 2017; McBriarty et al. 2017; Stack et al. 
2018). Figure 10 shows an example where epitaxial growth 
of gibbsite-like sheets on muscovite is revealed via CTR 
(Stubbs et al. 2019). Adsorbate binding mechanisms and 
geometries have been revealed using CTR and RAXR for 
trace elements and potential contaminants including Pb, As, 
Sr, and Sb (Bracco et al. 2018; Qiu et al. 2018b, a; Xu et al. 
2019). Custom electrochemical cells have enabled in-situ 

Fig. 9   General purpose 6-circle diffractometer in station 13-ID-C 
used for surface and interface scattering experiments

Fig. 10   Off-specular a and specular b CTR data collected from a 
muscovite mica surface after rinsing with DI water (black) and after 
reaction with 1 mM AlCl3 solution at pH 4 (red). Symbols represent 
data and lines show best fits. Structural model fitting reveals that 
epitaxial gibbsite-like dioctahedral sheets grow in three structur-
ally related domains that are one layer thick. In domains A, B gibb-

site vacancies overlie muscovite silicate tetrahedra. In domain C they 
overlie ditrigonal cavities. Schematic representation of model with 
three gibbsite domains is shown perpendicular to the (001) surface c 
and along (010) d. Gibbsite octahedral occupancies in part c gener-
ated by Monte Carlo simulation (Figure adapted from Stubbs et  al. 
2019)
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manipulation of interfacial redox reactions, including the 
flipping of water molecules (McBriarty et al. 2018a) and 
reductive dissolution of iron at hematite surfaces (McBriarty 
et al. 2018b). Surface and interface measurements involving 
radioactive materials have been enabled by the development 
of sample cells that meet the requirements of both surface 
scattering and radioactive containment (Schmidt et al. 2011; 
Stubbs et al. 2015; Neumann et al. 2021). New develop-
ments have extended structural analysis techniques to crys-
tals <300 µm in size, thereby expanding the suite of minerals 
to which CTR can be applied (Stubbs et al. 2021).

Non-single-crystal materials. Long period standing wave—
fluorescence yield (LPSW-FY) measurements and grazing- 
XAFS enable investigation of biofilms, nanoparticles, and 
non-single-crystal materials at environmentally relevant 
interfaces. For example, Wang et al. (2016c, a, b) used these 
methods to explore the distribution of Pb, Cu, and Zn in bio-
films and organic matter coatings and Desmau et al. (2018, 
2020) investigated the interaction of silver nanoparticles and 
quantum dots with biofilm-coated minerals.

Reactions and transformations. In-situ powder diffraction 
capabilities enable the study of mineral-solution reactions 
and phase transformations in real time, including cation 
exchange in manganese oxides, growth conditions for iron 
oxides, and mineral dehydration reactions (Kong et  al. 
2019; Heaney et al. 2020; Chen et al. 2021). Kong et al. 
(2019) explored Cr oxidation with time-resolved XRD and 
Cr K-edge X-ray absorption near edge structure (XANES) 
while flowing Cr(III)-bearing solutions through capillar-
ies packed with the triclinic form of the manganese oxide 

birnessite, and using visible-light spectrophotometry on 
effluent solutions to quantify Cr(VI) concentrations. These 
multi-modal measurements revealed extensive oxidation of 
dissolved Cr concomitant with transformation of triclinic 
to hexagonal birnessite, yielding critical insights into an 
important class of environmental reactions. New develop-
ments are underway to enable in-situ electrochemistry inside 
capillaries during time-resolved powder diffraction experi-
ments, enabling the measurement of precisely controlled 
redox-driven structural transformations.

X‑ray microprobe fluorescence, 
spectroscopy, and diffraction

Station: 13-ID-E.

Techniques: Micro-X-ray fluorescence (microXRF), Micro-
X-ray absorption fine structure (microXAFS), Micro-X-ray 
diffraction (microXRD), fluorescence computed microto-
mography (FCMT), High energy-resolution fluorescence 
detection (HERFD).

Technical description: The X-ray microprobe (Fig. 11) uses 
a 3.6-cm period undulator and cryogenic, double-crystal 
monochromator using either Si(111) or Si(311) crystal 
pairs (greater energy resolution with the latter) as the X-ray 
source in the 2.4–28 keV range. Dual, horizontally deflect-
ing, focusing mirrors increase the separation between the 
beam and the 13-ID-C/D beam in a canted insertion device 
geometry. These mirrors also create a secondary source 
image at the location of a secondary source aperture (SSA), 

Fig. 11   X-ray microprobe apparatus in station 13-ID-E used for 
microbeam XRF, XAFS, and XRD. Left is a photograph of the setup 
and right is a schematic showing the availability of both energy dis-

persive (silicon drift) and HERFD detectors. The HERFD detection 
system is configured on a 1-m Rowland circle
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the adjustable opening of which provides a convenient way 
of controlling the horizontal source size. Microfocusing 
mirrors in a KB geometry on the experimental table pro-
duce focused X-ray beams in the 1–2 µm size range. The 
flux in this beam spot is typically in the 1012 ph/sec range, 
depending on energy. The microprobe typically operates in 
a “45°” geometry with the sample plane 45° to the micro-
focused incident beam, an optical video microscope along 
the sample surface normal, a fluorescence detector at 90° to 
the incident beam (within the horizontal plane of the syn-
chrotron for polarization reasons), and either an area detec-
tor for XRD studies or an ion chamber downstream of the 
sample for measuring X-ray sample absorption. New devel-
opments include the addition of a high energy-resolution 
fluorescence detection (HERFD) which uses crystal analyzer 
spectrometers at high Bragg angle to measure fluorescence 
XAFS with high energy resolution—1 eV. Energy resolution 
is set by the analyzer, not natural energy width of core–hole 
(often >5 eV) leading to improved background rejection, 
improved XAS spectral resolution, and sensitivity to ele-
ments with overlapping lines, e.g., Eu Lα on Mn Kα.

Science Areas: X-ray microprobe techniques are used for 
fundamental geochemical studies of the complex hetero-
geneous systems such as soils including redox reactions 
that occur during diffusion, the complex interplay between 
roots and soils in controlling the sequestration of metals, the 
chemical nature of hydrothermal fluids and melts as recorded 
by fluid and melt inclusions in minerals, development of 
oxygen barometers for igneous materials, and compositions 
of extraterrestrial materials. Element-specific tomographic 
imaging techniques are used to study the chemical properties 
of systems during reactions, diffusion, and fluid transport. 
Science areas include the following:

Chemistry of magmas and their associated hydrothermal flu-
ids. Microfocused X-ray absorption fine structure techniques 
allow for direct measurement of the speciation of redox sen-
sitive elements (Fe, V, Cr, Eu, Ti, S, etc.) in magmatic min-
erals and glasses (Dyar et al. 2016; Cottrell et al. 2018; Head 
et al. 2018; Lanzirotti et al. 2018; Sutton et al. 2020b). Such 
direct measurement of elemental speciation and valence 
allows researchers to then quantitatively constrain the redox 
conditions for magmas derived by the melting of planetary 
mantles. This is critical to our understanding of the gen-
esis and differentiation of magmas, associated ore deposits 
and for modeling the evolution of planetary interiors. As an 
example, Fig. 12 shows the fO2 of least degassed magmas 
inferred from XANES analyses of melt inclusions in Reun-
ion Island lavas (Brounce et al. 2022). These XAFS-based 
oxybarometric approaches rely on the sensitivity of XAFS 
to changes in the chemical speciation of redox-sensitive 
elements in igneous minerals and/or glasses in response to 

changing magmatic fO2. The relationship between observed 
XAFS spectral features and oxygen fugacity can be estab-
lished through development of system-specific calibration 
models (Sutton et al. 2020b).

Biogeochemistry. An important aspect of the research at 
GSECARS is to improve our understanding of the molecu-
lar-scale processes that control contaminant-microbe adsorp-
tion and redox reactions, and the effect of these processes on 
contaminant transport. The GSECARS microprobe provides 
instrumentation to biogeochemists for measuring redox 
mediated changes in chemistry (from the S K-edge through 
to the Cd K-edge) at appropriate length scales, both in natu-
ral samples and within environmentally controlled experi-
mental cells (Cron et al. 2020; Phillips-Lander et al. 2020).

Cosmochemical studies of extraterrestrial materials. Clues 
to the origin and evolution of our Solar System and other 
cosmological bodies are locked within extraterrestrial mate-
rials available for laboratory study including lunar samples 
returned by the Apollo program; meteorites from the Moon, 
Mars and asteroids; interplanetary dust particles collected 
in the stratosphere; comet particles collected by the Star-
dust spacecraft; and solar wind collected by the Genesis 
spacecraft. FIB sectioning is being used to prepare mono-
mineralic specimens for analysis (Sutton et  al. 2020a). 
X-ray microprobe techniques provide a means to define the 

Fig. 12   Summary of the ranges of fO2  inferred for Reunion Island 
lavas (Brounce et  al. 2022).This plot is constructed after (Pichavant 
et al. 2016), with olivine-liquid equilibrium constraints from Boivin 
and Bachèlery (2009), bulk rock FeO and Fe2O3 analyses from Bur-
gisser et al. (2015), and olivine-spinel equilibria from Burgisser et al. 
(2015) and Bureau et  al. (1998). The solid black line demonstrates 
the likely  fO2  of Reunion magmas during petrogenesis summarized 
by Pichavant et al. (2016). The pink box marked “this study” shows 
the fO2 of least degassed magmas inferred from XANES analyses of 
melt inclusions. It was concluded that the fO2 of the mantle source of 
these Reunion lavas is lower than of the mantle sources of primitive, 
undegassed magmas from Hawaii, Iceland, the Canary Islands, and 
Mt. Erebus, and indistinguishable from that of the Indian-ocean upper 
mantle. This finding is consistent with previous suggestions that the 
source of Reunion lavas (and the C/FOZO/PREMA mantle compo-
nent) contains little or no recycled materials and with the suggestion 
that recycled oxidized materials contribute to the high  fO2  of some 
other OIBs, especially those from incompatible-element-enriched 
mantle sources
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chemical states of these samples and obtain insight into the 
properties of their parent bodies.

Microtomographic imaging

Stations: 13-BM-D, 13-ID-E.

Techniques: Transmission, phase-contrast, differential 
absorption, and fluorescence computed microtomography

Technical description: GSECARS has three distinct but 
collaborating tomography programs. One is high-pressure 
tomography in a rotational Drickamer device in the 250 ton 
press in 13-BM-D. This GSECARS development, inspired 
by the ambient microtomography program, was the first 
high-pressure microtomography system in the world (Wang 
et al. 2005; Yu et al. 2019b). This system employs a thrust 
bearing to allow unlimited rotation under loads up to 50 tons. 
It is capable of pressures up to 12 GPa when using cupped 
Drickamer anvils; a maximum temperature of 2200 K can be 
obtained. The second program involves X-ray fluorescence 
tomography which is conducted using a focused undulator 
beam in the 13-ID-E microprobe station. The third program 
is the absorption tomography program conducted at ambient 
or relatively low pressures in 13-BM-D (Rivers et al. 1999, 
2010; Rivers and Wang 2006; Rivers 2012, 2016).

The unique detection system for the absorption tomog-
raphy apparatus (Fig.  13) consists of a single-crystal 
scintillator (converts X-rays to visible light), a micro-
scope objective (magnifies the scintillator image), and a 
1920 × 1200 pixel fast CMOS camera. Three modes can be 

used. Monochromatic beam mode uses a high-resolution 
Si (111) double-crystal monochromator capable of operat-
ing with fixed offset in the energy range 10–80 keV with a 
very narrow (~0.01%) energy bandwidth (element-specific 
applications, such as “above-edge, below-edge” subtrac-
tion imaging). Pink beam mode provides more than 1000 
times brighter (photons/s/0.1% bandwidth/mrad2) than the 
monochromatic mode, and thus allows much faster data col-
lection. The water-cooled, vertically downward deflecting, 
1.1 m long, Pt-coated mirror in the 13-BM-B station can be 
dynamically bent to either a concave (focusing) or convex 
(defocusing) shape. High-energy X-rays are removed by the 
adjustable mirror cutoff energy and water-cooled absorption 
filters are used to remove low energy X-rays. White beam 
mode uses neither the monochromator nor the mirror and 
so provides the highest flux and the highest energy X-ray 
spectrum, at the expense of vertical beam size. In the high-
pressure tomography apparatus, pressure is monitored using 
energy-dispersive powder diffraction. The monochromator 
and mirror systems allow fast switching between either 
monochromatic or pink mode for imaging and white beam 
mode for diffraction. New developments include sample 
stage improvements to allow loads greater than 25 kg offer-
ing opportunities to employ much more complex sample 
environments. Construction is in progress of a triaxial defor-
mation cell capable of confining pressures up to 100 MPa, 
axial loads to 200 MPa, while maintaining fluid flow and 
temperatures up to 500 K.

Science areas: Tomographic imaging techniques are used 
to study the internal microstructures of complex materials. 
The LVP tomography apparatus can be also used for studies 
of equations of state of liquids and amorphous materials at 
high pressure (Lesher et al. 2009). By twisting the opposed 
anvils, this apparatus can be used for large shear deformation 
combined with 3D texture imaging. This combination has 
been used to study liquid FeS melt in solid olivine matrix, to 
understand segregation process of metallic melts as a mecha-
nism for the formation of the Earth’s core (Todd et al. 2016). 
In multi-phase solids, this combination has been used to 
understand texture-induced rheological property changes 
(Wang et al. 2011). It has also been used for some lower 
pressure studies for example proppants employed in the oil 
industry (Sanematsu et al. 2015). The X-ray fluorescence 
tomography apparatus can be used to reconstruct element-
specific virtual cross sections in small samples, for exam-
ple Mn and Fe distributions in genetically modified seeds 
(Socha and Guerinot 2014) and plants (Chu et al. 2017). The 
absorption tomography system can be used for the study of 
the internal structures of precious samples such as fossils, 
the distribution and location of inclusions in diamonds, the 
porosity and density of weathered rocks, studies of granular 
flow, and the transport of fluids such as water and oils in 
porous media.

Fig. 13   Computed microtomography apparatus in station 13-BM-D 
used for transmission, phase-contrast, and differential absorption 
tomography. The X-ray beam enters on the left and the sample-trans-
mitted image is converted to visible light by a single-crystal scintil-
lator. A 45° mirror (not visible in this view) directs the image to a 
magnifying microscope objective. This image is then captured by a 
1920 × 1200 pixel fast CMOS camera (out of view at top)
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Flow dynamics of fluids and solids. Many processes in the 
Earth’s surface are controlled by the microscale interaction 
of water and air with the solid phase (soils, sediments, rock) 
in pore spaces within the subsurface. The distribution in 
time and space of fluids in pores ultimately controls subsur-
face flow and transport processes relevant to groundwater 
resource management and remediation as well as oil and gas 
exploration and recovery. Many of the mechanisms operat-
ing at the microscale can be observed through the meas-
urement of relevant physical parameters (e.g. fluid phase 
content and distribution, pore size distribution, permeabil-
ity, porosity) using computed microtomography. In addition, 
the flow of solids (rheology) is important in understanding 
earthquake propagation.

Enhancing residual trapping of supercritical CO2 via 
cyclic injections. Synchrotron X-ray tomographic imaging 
was used to investigate the pore-scale characteristics and 

residual trapping of supercritical CO2 (scCO2) over the 
course of multiple drainage-imbibition (D-I) cycles in Ben-
theimer sandstone cores (Herring et al. 2016). The hysteretic 
pore-scale behavior of the scCO2-brine-sandstone system 
(Fig. 14) suggested that cyclic multi-phase flow could poten-
tially be used to increase scCO2 trapping for sequestration 
applications.

Solute mixing regulates heterogeneity of mineral precipita-
tion in porous media. Synchrotron X-ray microtomography 
was used to track the spatio-temporal evolution of mineral 
precipitation and the consequent alteration of the pore struc-
ture (Cil et al. 2017). Column experiments were conducted 
by injecting CaCl2 and NaHCO3 solutions into granular 
porous media either as a premixed supersaturated solution 
(external mixing) or as separate solutions that mixed within 
the specimen (internal mixing). The similar pore-scale evo-
lution patterns suggest that the clogging of individual pores 

Fig. 14   A cross-sectional tomographic slice of grayscale data over 
the course of three drainage-imbibition (D-I) cycles in Bentheimer 
sandstone cores (Herring et  al. 2016). Highly attenuating 1.0  M KI 
brine presents as light gray, the sandstone grains appear to be moder-
ate gray, and the lower attenuating supercritical CO2  (scCO2) phase 
is identified by the dark gray (a, c, and e). The core at the end of 
drainage (“initial state”) and (b, d, and f) the same core at the end 
of the subsequent imbibition (“residual state”); the cycle number (i) 

increases from left to right. For the initial states, the scCO2 saturation 
(SIi,scCO2) and drainage endpoint capillary pressure (PC) are given; For 
residual states, scCO2  saturation (SRi,scCO2) and trapping efficiency 
(SRi/SIi) are given. The first D-I cycle (a and b) results in relatively 
low residual trapping; after the second cycle (c and d) residual trap-
ping and trapping efficiency increases; and the third cycle (e and f) 
results in the highest values for scCO2  trapping and trapping effi-
ciency
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depends primarily on local supersaturation state and pore 
geometry.

Effect of pore morphology on microbial enhanced oil 
recovery: X-ray computed microtomography was utilized 
to characterize the pore morphologies and analyze residual 
oil blob mobilization during simulated microbial enhanced 
oil recovery (MEOR; (Armstrong et al. 2015). Results dem-
onstrated that bioclogging with interfacial tension reduction 
is the most effective MEOR treatment option in terms of 
additional oil recovered (AOR) for the pore morphologies 
with the smallest pore throat radii and that AOR increases 
with increasing pore body and throat radii, as well as pore 
sphericity.

Protection of soil carbon within macro-aggregates depends 
on intra-aggregate pore characteristics. CO2 respiration 
measurements of intact soil samples combined with X-ray 
computed micro-tomography imaging was used to investi-
gate how micro-environmental conditions, represented by 
soil pores, influence decomposition of particulate organic 
matter (POM; (Kravchenko et al. 2015). Atmosphere-con-
nected soil pores were found to influence soil carbons, and 
especially POMs, decomposition. It was demonstrated that 
the presence of a feed-forward relationship between soil C 
decomposition and pore connections enhances it.

Technical synergy

The availability of multiple, Earth science relevant instru-
ments in one facility naturally leads to synergy in terms of 
technical developments. At the first level, this means there 
exists a pool of equipment to be shared by multiple instru-
ments. This multi-tasking, as well as staff sharing, translates 
into major economies of scale. It also means that new hybrid 
instrumentation is developed through collaborations of spe-
cialists with expertise in different methods. Some of these 
synergies are described below.

X-ray optics: Several hardware devices developed at GSE-
CARS have found worldwide use. These include a pair of 
very asymmetric, elliptical, Kirkpatrick-Baez mirrors devel-
oped by Peter Eng that focuses the APS source to a few 
microns (Eng et al. 1998). At GSECARS, these mirrors 
are used by the X-ray microprobe and DAC instruments. 
Large, water-cooled Kirkpatrick-Baez mirrors designed by 
Peter Eng are in use at GSECARS on all four beamlines, 
for example for the vertical focusing for diamond anvil cell 
experiments on 13-BM-C and 13-BM-D, for defocusing for 
pink beam tomography on 13-BM-D, and for both horizontal 
and vertical focusing at the rotation center of the diffractom-
eter in 13-ID-C.

High-pressure Tomography: High-pressure tomography was 
developed by GSECARS as a synergy between the ambi-
ent tomography and LVP programs. The development of a 
rotational Drickamer device in a 250 ton press was the first 
high-pressure microtomography system in the world (Wang 
et al. 2005; Yu et al. 2019b) and has been used for studies 
of viscous liquids and amorphous materials at high pressure 
(Xu et al. 2020b).

Detectors: A suite of state-of-the-art X-ray detectors nomi-
nally dedicated to a particular instrument but available to be 
shared among the experimental stations including the fol-
lowing with information on their primary use:

•	 Pilatus3 X CdTe 1 M array detector (981 × 1043 pix-
els). High pressure diffraction in diamond anvil cell in 
13-ID-D. Up to 500 frames/s. Shared with sector 15, 
ChemMatCARS

•	 Pilatus3 X CdTe 300 K-W array detector (1475 × 195 
pixels). Amorphous diffraction in Paris-Edinburgh 
press and diamond anvil cells with Soller slits in 
13-ID-C.

•	 Pilatus3 S 1 M array detector (981 × 1043 pixels) with 
1 mm silicon sensor. Jointly funded with COMPRES 
for PX2 program at 13-BM-C for high-pressure diffrac-
tion in the DAC as well as ambient-pressure diffraction.

•	 Pilatus3 S 1 M CdTe array detector (981 × 1043 pixels) 
for DAC, LVP, and mineral inclusion X-ray diffraction 
in 13-BM-D.

•	 Pilatus 100 K array detectors with collimating flight 
paths for interface scattering studies in 13-ID-C and 
13-BM-C

•	 Dectris Eiger 500 K array detector with 450 µm silicon 
sensor. For diffraction mapping and HERFD with the 
13-ID-E microprobe

•	 Dectris Eiger2 S 1 M array detector (1028 × 1062 pix-
els). For diffraction mapping and HERFD on 13-ID-E 
microprobe

•	 Hitachi Vortex ME4 silicon drift, energy dispersive 
spectrometers; two are available. For energy disper-
sive measurements with the 13-ID-E microprobe and 
13-ID-C diffractometer

•	 Mirion 7-element X-PIPS silicon drift, energy disper-
sive spectrometer. For energy dispersive measurements 
with the 13-ID-E microprobe

•	 MAR165 CCD large area detector (2048 × 2048 pixels) 
for DAC, LVP and mineral inclusion X-ray diffraction 
in 13-ID-D, 13-BM-C and 13-BM-D.

Gas-loading Facility: GSECARS (with support from 
COMPRES) developed a gas-loading system for diamond 
anvil cells at the APS (Rivers et al. 2008), which is used 
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by experimenters at 13-ID-D, 13-BM-D, and 13-BM-C as 
well as many other APS beamlines (Fig. 15). In addition, a 
mail-in service is provided for users who will be running 
experiments at locations other than the APS.

Software: GSECARS has developed advanced software that 
is required for the needs of all GSECARS beamlines, but 
also benefits the larger scientific community, M. Rivers has 
collaborated with other groups at the APS in the develop-
ment of EPICS, a control and data acquisition system for 
accelerators and beamlines. A major portion of this software 
is for collecting data from advanced detectors and cameras. 
Matt Newville has developed two software packages that are 
widely used around the world. One is Python language sup-
port for EPICS (http://​cars.​uchic​ago.​edu/​softw​are/​python/​
pyepi​cs3), and the other is XAFS analysis software (http://​

cars.​uchic​ago.​edu/​ifeff​it, http://​cars.​uchic​ago.​edu/​xrayl​arch). 
Dioptas is a Python-based program for on-the-fly data pro-
cessing and exploration of two-dimensional X-ray diffrac-
tion area detector data, specifically designed for the large 
amount of data collected at XRD beamlines at synchrotrons 
(Prescher and Prakapenka 2015). It is used to process dif-
fraction data from beamlines around the world, including the 
DAC and X-ray microprobe (XRM) stations at GSECARS.

Science synergy

The availability of multiple, Earth science relevant instru-
ments in one facility also leads to synergy in scientific pro-
jects. Typically, this means a particular science problem 
is tackled either with multiple instruments and techniques 
at the sector (e.g., X-ray microprobe and diffraction in the 
DAC), or addressed using synergistically developed instru-
mentation (e.g., tomography cell for the large volume press). 
Importantly, beamline scientists with varied expertise are 
immediately available to provide assistance and collaborate 
on such problem-solving. Examples of science projects car-
ried out synergistically between different experimental sta-
tions are described below.

Diamond inclusions: A notable example is the work of Wenz 
and co-workers studying inclusions in diamonds (Wenz et al. 
2019). A fast, high-throughput method for micromineral 
inclusion identification has been developed by first collect-
ing microtomography images in station 13-BM-D (Fig. 16) 
and then converting the geometry to the six-circle single-
crystal diffractometer in station 13-BM-C using a portable 
radiography setup and then collecting X-ray diffraction 
data on the identified inclusions in 13-BM-C. In addition, 
some inclusions have been analyzed for cation valence using 

Fig. 15   The GSECARS and COMPRES jointly funded gas-loading 
system for diamond anvil cells located adjacent to experimental sta-
tion 13-ID-D. The system can load many kinds of diamond anvil 
cells with a closure mechanism using motor driven screws which 
close a clamping device, not the cell itself. This design makes it easy 
to pressurize new cell designs using a different clamp or different 
spacer. The system has optical access for sample viewing and online 
ruby fluorescence pressure measurement. 1 = Microscopy and ruby 
fluorescence system; 2 = Pneumatic cylinder; 3 = Pressure vessel; 
4 = Diamond anvil cell clamp; 5 = Vessel bottom plug; 6 = Gas sup-
ply tank (He, N2, Ne, Ar, Xe, or CO2); 7 = Pressure gages; 8 = Control 
panel; 9 = Emergency stop button; 10 = Gear boxes for various DACs; 
11 = High pressure valves; 12 = Compressor

Fig. 16   Tomographic slice of diamond 6b_09 (light gray region) with 
a high-absorbing goethite (FeOOH) inclusion (small bright spot) 
(from Wenz et al. 2019)

http://cars.uchicago.edu/software/python/pyepics3
http://cars.uchicago.edu/software/python/pyepics3
http://cars.uchicago.edu/ifeffit
http://cars.uchicago.edu/ifeffit
http://cars.uchicago.edu/xraylarch
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XANES on the XRM in 13-ID-E, to help identify color cent-
ers. Another application using high-pressure X-ray diffrac-
tion at 13-ID-D and XRF mapping at 13-ID-E was the work 
of Tschauner and co-workers (Tschauner et al. 2018) who 
showed that ice-VII (Fig. 17) occurs as inclusions in natural 
diamond and serves as an indicator for water-rich regions 
in Earth’s mantle, notably in the upper transition zone and 
the 660-km boundary region. Such regions are suspected to 
play a key role in the global water budget and the mobility 
of heat-generating elements.

Structural behavior of deep Earth analogs: The DAC has 
been combined with extended X-ray absorption fine struc-
ture (EXAFS) methods to study the structural behavior of 
germanium dioxide (GeO2) glass (Hong et al. 2013; Hong 
and Newville 2020). GeO2 is considered a chemical and 
structural analog of silica (SiO2) displaying similar com-
pression behavior but at lower pressures. The difference 
between the nearest Ge–O distances of glassy and rutile-
type GeO2 disappears at the Ge–O distance maximum at 
20 GPa, indicating completion of the tetrahedral–octahe-
dral transition in GeO2 glass. Above 40 GPa, GeO2 forms 
a dense octahedral glass and there is spectral evidence for 
subtle changes in the dense glass continuing to occur at these 
high pressures. A pyrite-type local structural model for the 
glass can provide a reasonable fitting to the XAFS spectra 
at 64 GPa.

Shear deformation in metal-silicate composites: These 
experiments rely on the unique tomographic capability of 
the multi-anvil press which allows additional shear stress 
to be applied to a sample that is under uniaxial load. Shear-
induced iron silicate segregation can be studied in situ at 
high pressure and high temperature to help understand the 
mechanism of the Earth’s core formation (Todd et al. 2016). 
In this study, samples consisting of San Carlos olivine and 
4.5 vol % FeS were heated (1370 K) at 1.5 GPa, conditions 
under which FeS is liquid and olivine is solid. A shear stress 
is then applied in the horizontal plane by rotating the top and 
bottom Drickamer anvils in opposite directions. Melt pock-
ets change their shapes, sizes, and connectivity at various 
shearing levels (Fig. 18). The duration of each deformation 
step was ~1 h. Permeability simulations were performed on 
the 3D tomography images to determine the effect of shear 
deformation on connectivity and permeability within the 
sample.

Elasticity of Fe-enriched diopside at high pressure: High 
resolution X-ray diffraction and Brillouin spectroscopy can 
be collected simultaneously from the same sample area 
and in the same pressure–temperature environment in sta-
tion 13-BM-D. This unique system (Fig. 3) makes it pos-
sible to measure sound velocities and densities of materials 
simultaneously, resulting in an absolute pressure scale and 
determinations of important material properties (e.g., equa-
tions of state and elasticity) as a function of pressure and 
temperature. In one study (Fig. 19), the single-crystal elas-
ticity of Fe-enriched diopside (Di80Hd20, Di-diopside, and 
Hd-hedenbergite; also called Fe-enriched clinopyroxene) at 
high-pressure conditions up to 18.5 GPa was measured (Fan 
et al. 2020). The results were used in evaluating the effects 
of pressure and Fe substitution on the full single-crystal elas-
tic moduli across the Di-Hd solid-solution series to better 
understand the seismic velocity profiles of the upper mantle. 
The presence of Fe-enriched pyroxenite was suggested to 
be an effective mechanism to cause low-velocity anomalies 
in the upper mantle regions atop the 410 km discontinuity 
under cold subducted slab conditions.

Oxybarometry method for high-pressure environments in the 
DAC: XANES methods developed on the XRM for oxyba-
rometry of igneous Earth and planetary materials (Sutton 
et al. 2005; Lanzirotti et al. 2018) were adapted in devel-
oping an approach to use V valence in sensor glass frag-
ments as a proxy for DAC redox environments. The idea is to 
include well-characterized glass fragments within the DAC 
and laser melt these at times when redox condition determi-
nations are desired. When the glass melts, the V valence is 
re-equilibrated depending on the surrounding fO2 and fast 
quenching freezes-in that valence state for subsequent ex-
situ analysis. Only proof-of-concept measurements have 

Fig. 17   X-ray diffraction pattern of ice-VII in diamond M57666 
from Orapa. Black crosses are data points; the Rietveld refinement 
(blue curve), and residual fit (green curve). The equation of state 
allows estimation of the current pressure of this inclusion of ice-VII 
as 9.2 ± 1.6 GPa. The inset is a diffraction image of ice-VII (From 
Tschauner et al. 2018)



Physics and Chemistry of Minerals (2022) 49:32	

1 3

Page 19 of 24  32

been conducted to date and further development work is 
needed on this method.

Acoustic emission in LVP: Acoustic emission has been 
interfaced with the two deformation DIA apparatus in both 

13-BM-D and 13-ID-D to investigate failure mechanisms in 
rocks undergoing phase transformations and metamorphic 
reactions (Schubnel et al. 2013). Pressures up to 10 GPa 
have been reached, with successful AE detection and loca-
tion. Brittle deformation in the D-DIA coupled with acous-
tic emission monitoring has enabled systematic laboratory 
simulations on possible mechanisms triggering deep earth-
quakes between ~50 km and 700 km. Studies have been 
conducted of systems involving dehydration (antigorite, 
partially serpentinized olivine, and glaucophane-blueschist 
facies rocks) (Ferrand et al. 2017; Gasc et al. 2017; Incel 
et al. 2017), metamorphic reactions (granulite to eclogite) 
(Shi et al. 2018; Incel et al. 2019), and the olivine-spinel 
phase transformation (Schubnel et al. 2013; Wang et al. 
2017).

User program including access procedure
All available user operations beam time at GSECARS is 

allocated through the APS General User Program and all 
GSECARS users must submit access proposals to this sys-
tem. Useful links are provided here. Beam time is allocated 
three times per year.

GSECARS “Quick Guide for New Users” is here:
https://​gseca​rs.​uchic​ago.​edu/​user-​resou​rces/.
APS user information is here:
https://​www.​aps.​anl.​gov/​Users-​Infor​mation.
Apply for beam time here:
https://​www.​aps.​anl.​gov/​Users-​Infor​mation/​About-​Propo​

sals/​Apply-​for-​Time.
Submission deadlines are here:
https://​www.​aps.​anl.​gov/​Users-​Infor​mation/​About-​Propo​

sals/​Propo​sal-​Deadl​ines-​and-​Meeti​ngs.

Fig. 18   X-ray tomographic image (after binarization) of olivine/FeS 
assemblage under shear stress in the LVP. Left: before large shear 
deformation, showing individual FeS blobs (orange) in olivine matrix 

(dark brown). Right: after large shear deformation, showing the for-
mation banded structure of FeS melts. Images courtesy of H. Watson 
and K. Todd from the study described in Todd et al. (2016)

Fig. 19   Representative Brillouin spectra of single-crystal Di80Hd20 
at 12.70 GPa. Open circles = experimental data; solid lines = fitted VP 
and VS peaks. The inset is a representative photo of the three crystal 
platelets in the sample chamber at 12.70 GPa and 300 K (From Fan 
et al. 2020)

https://gsecars.uchicago.edu/user-resources/
https://www.aps.anl.gov/Users-Information
https://www.aps.anl.gov/Users-Information/About-Proposals/Apply-for-Time
https://www.aps.anl.gov/Users-Information/About-Proposals/Apply-for-Time
https://www.aps.anl.gov/Users-Information/About-Proposals/Proposal-Deadlines-and-Meetings
https://www.aps.anl.gov/Users-Information/About-Proposals/Proposal-Deadlines-and-Meetings
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For assistance in submitting proposals, contact one of the 
GSECARS beamline scientists listed on the Quick Guide 
page shown above.

General User Proposals are peer reviewed and rated by 
a technique-specific Proposal Review Panel (PRP). Beam 
time is awarded based on score and feasibility. Users may 
select more than one beamline when submitting a proposal 
to increase the chances of receiving beam time. Propos-
als expire in 2 years or when the number of PRP recom-
mended shifts has been used, whichever comes first. An 
aging process is in place which improves a proposal’s rating 
when unsuccessful for a maximum of two times. The APS 
Beamtime Allocation Committee (BAC) allocates 25% of 
the available time. GSECARS allocates the remaining 75% 
based largely on ratings from the APS PRPs and Earth sci-
ence relevance.

The GSECARS sector is oversubscribed; there are more 
requests for beam time than can be handled. This oversub-
scription is managed by limiting the number of days each 
experiment receives, rejecting experiments, and referring 
experiments to other suitable synchrotron facilities. The 
challenge has been to balance the desire to give beam time 
to as many highly rated proposals as possible while provid-
ing sufficient beam time to each experiment to accomplish 
the intended goals. The proposal success rate is ~ 60% in a 
typical cycle.

GSECARS users come from all over the world. Recent 
statistics showed 76% were from the USA, 11% from 
Europe, 7% from Canada, and 6% from Asia and Australia. 
83% of the investigators were affiliated with universities; 6% 
with government laboratories (e.g., national laboratories); 
1% with other government agencies (e.g., USGS, EPA); 
9% with private institutions (e.g., Carnegie Institution of 
Washington); and 1% with industry. GSECARS staff work 
with users through the entire process including submission 
of beam time proposals, design of experiments, preparation 
of samples, collection of data, analysis and interpretation 
of the data, and preparation of publications. Most publica-
tions resulting from work at GSECARS include one or more 
GSECARS beamline scientists as co-authors. Publications 
are included in the APS Publication Database (https://​gseca​
rs.​uchic​ago.​edu/​fundi​ng-​and-​publi​catio​ns). About 60% of 
the GSECARS users are students or postdocs at universities 
and colleges.

Management

GSECARS management consists of two Project Managers: 
Mark Rivers and Stephen Sutton and six Technical Groups 
organized around the six principal techniques in the sector. 
Senior GSECARS staff members serve as leaders of these 
groups as shown below:

•	 Diamond Anvil Cell (Vitali Prakapenka, Research Pro-
fessor)

•	 Large-Volume Press (Yanbin Wang, Research Professor)
•	 Microtomography (Mark Rivers, Research Professor)
•	 X-ray Absorption Fine Structure Spectroscopy (Matthew 

Newville, Research Professor)
•	 X-ray Diffraction and Scattering (Peter Eng, Research 

Professor; Joanne Stubbs, Associate Research Professor)
•	 X-ray Fluorescence Microprobe (Stephen Sutton, Anto-

nio Lanzirotti, Matt Newville, Research Professors)

These individuals have the responsibility to lead the 
development of science, instrumentation and user commu-
nity in their particular area. In addition, the leaders work 
closely with users to ensure the success of experiments 
(experiment design, experiment conduct, data analysis, 
etc.) and receive input from them on potential new techni-
cal directions. This management configuration has worked 
successfully throughout the >20-year history of GSECARS.

Anticipated advances with APS upgrade

The Advanced Photon Source is planning a major upgrade to 
replace the entire accelerator with a new Multi-Bend Achro-
mat (MBA) design. This upgrade will reduce the horizontal 
electron beam size and divergence, resulting in ~100-fold 
increase in the X-ray brightness and coherence. The upgrade 
will include reducing the machine energy from 7 to 6 GeV, 
which necessitates replacing all of the undulators with ones 
with shorter periods to cover the same energy range. The 
increased brightness of the APS upgrade (APS-U) will allow 
dramatic increases in the X-ray flux that can be delivered 
into a given size focal spot (~100X) or provide the same 
flux that is available now into a much smaller focal spot 
(~10X smaller). These improvements will allow fundamen-
tally new types of studies. Several anticipated advances are 
highlighted here.

High pressure science: The pressure–temperature conditions 
required to understand the nature and origin of different 
planetary systems are either very difficult to reach (Earth’s 
core-mantle boundary and core, >130 GPa and >4000 K) 
or lay beyond typical experimental limits (gas giants and 
exoplanets, >400 GPa and >6000 K). Double stage anvil 
techniques and toroid-shaped anvils have the potential for 
studying materials in situ at high temperatures and multi-
megabars pressures (Dubrovinskaia et al. 2016). APS-U 
will provide greater flux into a smaller spot, 300 nm, greatly 
enhancing in-situ XRD high-pressure studies in the DAC. 
APS-U and associated beamline enhancements will also 
advance multi-phase experiments with both DAC and multi-
anvil press high-PT devices in station 13-ID-D. APS-U will 
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improve the capabilities for producing the tightly collimated 
X-ray beams required to minimize contamination from the 
surrounding solid pressure media for structure and compo-
sition determinations. In deformation experiments in the 
press for rheology studies, APS-U will provide the required 
high brightness, monochromatic source with energies up to 
80 keV, thus allowing useable d-spacing to be “compressed” 
within the limited solid angle of 6–7 degrees.

Microspectroscopy: APS-U will allow improvements in the 
spatial resolution (to the sub-micron regime) and sensitiv-
ity of the XRM thereby advancing studies of minute and 
fine-grained specimens. An example is valence state µXAFS 
measurements of sub-micron mineral phases in early solar 
system materials to infer the oxidation states of the envi-
ronments from which they formed. Environmental science 
problems also will take advantage of the new capabilities in 
seeking to understand the biogeochemical controls on the 
heterogeneous reactivity of elements at mineral-fluid inter-
faces. There are also new opportunities for understanding 
controls on chemical incorporation in colloids, on atmos-
pheric particles, and within micro-organisms. Some of the 
most abundant marine organisms in tropical and sub‐tropi-
cal oceans, whose activity is known to impact oceanic and 
atmospheric elemental cycles, are at the scale of 500 nm, 
too small to be effectively analyzed with current capabili-
ties. The causes and treatment of respiratory diseases associ-
ated with the inhalation of fine particulate matter is another 
research area of potentially high societal impact.

Interface science: The 13-ID-C interface science program 
will expand the suite of accessible minerals and make 
coherent scattering methods such as Bragg Coherent Dif-
fractive Imaging (BCDI) feasible. 13-ID-C currently offers 
two primary classes of techniques: (1) surface and interface 
scattering (both resonant and non-resonant) such as crystal 
truncation rod diffraction and resonant anomalous X-ray 
reflectivity to determine atomic-level interfacial structures 
and adsorbate positions; and (2) Grazing incidence (GI) 
methods including GI-XAS and long-period standing wave 
fluorescence yield which are laterally averaged but have 
inherent nanometer-scale resolution in the surface-normal 
dimension. Experiments in the first class require multi-axis 
diffractometry and have been limited to single crystals ~ mil-
limeters in lateral extent The technique will have far more 
scientific impact when the proposed enhancements allow 
applications to smaller crystals, where size is often a limiting 
factor for many important minerals. The second (GI) class 
of techniques will also benefit from diffractometer upgrades. 
Coherent scattering techniques will enable the investigation 
nanoparticle strain and morphology including the effects of 
solution chemistry, reaction dynamics, and heterogeneous 
systems that cannot be currently investigated.

Summary

GSECARS is a comprehensive analytical laboratory for 
Earth and environmental science research. State-of-the-art 
instruments are available for most X-ray-based analytical 
techniques in demand by Earth and environmental scientists 
including (1) high-pressure/high-temperature diffraction, 
scattering, and spectroscopy using the laser heated diamond 
anvil cell; (2) high-pressure/high-temperature diffraction, 
scattering, and imaging using the large-volume press; (3) 
powder, single crystal and interface diffraction; (4) X-ray 
absorption fine structure spectroscopy; (5) X-ray fluores-
cence microprobe analysis; and (6) microtomography. Senior 
level staff are available at each instrument to collaborate 
on all aspects of the analytical work including experiment 
design, sample preparation, data collection, data interpreta-
tion, and publication preparation. The intimate association 
of the various techniques leads to synergistic developments 
in instrumentation, analytical capabilities, and scientific 
projects. A suite of state-of-the-art X-ray instrumentation 
designed and build in-house, including custom X-ray optics, 
specialized sample environments and positioning systems, 
as well as pixel-array and multi-crystal energy dispersive 
detectors, are available to be shared among the experimental 
stations.
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