Quantification of mass balance of colloidal material across lithologies and environments
Principal Investigator: Carleton Bern, Research Soil Scientist, USGS, Denver, Colorado (cbern@usgs.gov)

Statement of Proposed Work

Colloids, particles small enough to remain almost permanently in suspension, have long been
recognized to play important roles in Critical Zone processes (Jin et al., 2010; McCarthy and McKay,
2004). Proportionately great surface area magnifies colloid influence on sorption and exchange,
decreasing transport of components otherwise entrained in solution. In contrast, colloid mobility
transports such components even while sorbed and redistributes insoluble components that form the
colloid structure. Colloid redistribution plays roles in broader Critical Zone processes as fundamental as
textural differentiation and B horizon formation (Jenny and Smith, 1935). Unfortunately investigating
colloid redistribution in soil is difficult; hill slope flow paths are complex and in situ collection of mobile
colloids in soil is challenging (McCarthy and McKay, 2004). Thus while colloid redistribution within and
from soil is recognized as important, it has remained relatively unquantified.

The newly developed dual-phase mass balance model quantifies colloid redistribution in soils
over pedogenic time scales (Bern et al., 2011; Bern et al., accepted pending revision). The model
assumes that the sparing solubility of the high field strength elements Ti and Zr indicates their
redistribution in solution is negligible. Support for that assumption comes from < 1 ppb concentrations
of Ti and Zr in < 3 kDa filtrates of laboratory and in situ soil solutions. Therefore, deviation of the Ti/Zr
ratio in a soil compared to its parent material traces redistribution of suspended solids (colloids) with a
Ti/Zr ratio different from the parent material. Principles of mass balance can then be applied to quantify
gains and losses of colloidal material using Ti/Zr ratios in a manner similar to isotope mixing models.
Gains and losses of elements via solution can be quantified by difference. The required data are
elemental compositions of soil, parent material, and colloids.

Thus far, the dual-phase mass balance model has been applied only along a single, slowly
eroding (6.6 mm/kyr) catena in South Africa. There it shows that losses of colloids from upslope, clay-
poor soil range up to 14% of mass relative to parent material, downslope gains of colloids in clay-rich soil
can reach up to 52% relative to parent material, and places those changes in context relative to solution
losses (Fig. 1). Clearly, colloidal redistribution is an important process at this site.

The work proposed here is laboratory extraction and analysis of soil colloids so that the dual-phase
mass balance model can be implemented at four new sites. The results will support two lines of inquiry
into the importance of colloid redistribution as a Critical Zone process. The two lines of inquiry are:

e Does the mass balance of colloidal Fe loss from Susquehanna Shale Hill Observatory (SSHO) soils
match the Fe isotope mass balance from the same soils sufficiently to demonstrate reasonable
accuracy for the quantification of each?

e How do magnitudes of colloid redistribution in soils derived from granitic material (including at
Luquillo CZO) vary with climate and erosion regimes and compare to SSHO?

Previous work at SSHO has emphasized colloidal loss in the depletion of Fe from soils (Jin et al.,
2010) and isotopically light Fe in bulk soils compared to parent material suggests that the colloids lost
are isotopically heavy (Yesavage et al., 2012). Deviation of bulk soil Ti/Zr ratios from parent material also
suggests that colloid losses are prevalent across SSHO hill slopes. It is proposed here to extract colloids
from SSHO soils and determine both their elemental and Fe isotopic compositions. Elemental data will
permit the quantification of Fe losses via colloids versus solution by using the new mass balance model.
Determining the Fe isotopic composition for the colloids will allow predictions of that value (5°°Fe = 0.8
+ 0.3%o0) to be confirmed or refuted (Yesavage et al., 2012). Comparisons can then be made to see if



colloidal Fe mass balance matches Fe isotopic mass balance, thus providing a check on each or exposing
where understanding could be improved.

The suggestion of isotopically heavy colloid losses from SSHO soils is at odds with the general
assumption that particulate Fe in streams is isotopically light (Bergquist and Boyle, 2006; dos Santos
Pinheiro et al., 2014; Fantle and dePaolo, 2004). Nevertheless, several recent studies have documented
specific pools of isotopically enriched Fe in streams from around the world including Russia (llina et al.,
2013), the United States (Escoube et al., 2009) and the Negro River of South America (dos Santos
Pinheiro et al., 2014). At the moment, it is not clear why colloidal-sized Fe is light in some streams but
heavy in others (dos Santos Pinheiro et al., 2014). Another benefit of the work proposed here is
potential clarification of this issue for shale-derived colloidal material.

In addition to the SSHO, colloids from three other sites, having granitic as opposed to shale
parent material, will also be extracted from archived samples and analyzed. Greater likelihood of parent
material homogeneity makes granitic settings logical choices for early implementation of the dual-phase
mass balance model. Ratios of Ti/Zr in elemental data from quartz diorite soils in different topographical
locations at the Luquillo CZO provided by Stephen Porder suggest that colloid loss is an important
process there (Mage and Porder, 2012). Ratios of Ti/Zr in elemental data from granitic hill slope soils
from near the Feather River in California provided by Kyungsoo Yoo suggest that erosion rates (35—90
mmy/kyr) influence the impact of colloidal redistribution on soils there (Yoo et al., 2011). Deep (7+ m)
granitic weathering profiles in South Carolina, where the Pl is studying rare earth element mobility, have
Ti/Zr ratios that suggest depth dependence to colloid mobility. The climates (tropical to temperate) and
erosion rates for these three new sites are substantially different from the slowly eroding, semi-arid
South African catena where the model has been previously applied. Cross-site comparisons for granitic
soils will yield insights into ranges of magnitude for colloidal redistribution and the influence of potential
drivers of such redistribution as well as provide important context for interpreting the results at SSHO.

Laboratory extraction and analysis of colloids will be overseen by the Pl and Tiffany Yesavage at
USGS laboratories in Denver, Colorado. Tiffany has completed her PhD requirements at Penn State this
spring. Tiffany is returning to Denver to live and that proximity will allow efficient collaboration on
analyses, interpretation and writing. Analytical work should be complete by early 2015.

The ability to quantify colloidal redistribution in soil is relatively new. A check on colloid mass
balance quantifications (through Fe isotopes) and exploration of environmental influence (across
granitic soils) will demonstrate the applicability of the dual-phase mass balance model. Because the
work will leverage samples and data held by collaborators, the small amount of support sought will
allow substantial progress to be made and lay the foundation for more cross-cutting work to determine
the importance of colloid redistribution within the Critical Zone.
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Proposed SSHO Interactions

The work on SSHO soils proposed here would support an informal collaboration underway
between the Pl and Susan Brantley (Lead-Pl, SSHO) and Tiffany Yesavage (grad student, SSHO). Tiffany
Yesavage has already selected soil samples from SSHO archives and completed some preliminary colloid
extractions. Susan Brantley has committed to providing geochemical data on parent material and soils
for implementation of the dual-phase mass balance model as well as additional archived samples if
required (see letter of support). Extracted colloid material remaining at the end of the proposed study
would be archived with the SSHO. The proposed work builds upon the detailed studies of iron
geochemistry at SSHO by Brantley, Yesvage and others. It is envisioned that Tiffany Yesavage would lead
authorship on a paper integrating the dual-phase mass balance model results for iron with iron isotope
mass balance with at least the Pl and Susan Brantley assisting as co-authors.

Although the Luquillo CZO is a separate entity from SSHO, both are part of the CZO network and
work on Luquillo is proposed here. Stephen Porder is a Collaborator with the Luquillo CZO and has
promised archived samples for colloid extraction and analysis as well as geochemical data on parent
material and soils for implementation of the dual-phase mass balance model (see letter of support).
Similarly, Kyungsoo Yoo has promised archived Feather River samples for colloid extraction and analysis
as well as geochemical data on parent material and soils for implementation of the dual-phase mass
balance model (see letter of support). It is not expected that sample material will remain after colloids
are extracted from sample splits provided by these collaborators. However, if material remains it will be
returned to be archived with the original samples. It is envisioned that the Pl would be a lead author on
a paper implementing the dual-phase mass balance model and making cross-site comparisons for these
sites with granitic parent material with at least Tiffany Yesavage, Stephen Porder and Kyungsoo Yoo as
co-authors.

All data collected on samples will be placed online at the SSHO or Luquillo websites if that is
desired. Some guidance may be requested as some data will be derived from other research sites due to
the cross-cutting nature of the proposed work.



Results of prior support to work on SSHO

The Pl has not received prior support to work on SSHO. Tiffany Yesavage, who will collaborate
on the proposed work received funds for her Ph.D. work at SSHO via National Science Foundation No.
CHE-0431328 for Center for Environmental Kinetics Analysis (Susan Brantley, PSU) and by Grant No.
EAR-0725019 to Chris Duffy (PSU) for the Susquehanna/Shale Hills Critical Zone Observatory. Logistical
support and/or data were provided by the NSF-supported Shale Hills Susquehanna Critical Zone
Observatory. In addition to her publication in Geochimica et Cosmochimica Acta (Yesavage et al., 2012),
she also gave talks about her work at SSHO at ten meetings and conferences.
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