
 
 
Observatory Setting The Susquehanna-Shale Hills 
Critical Zone Observatory (SSHO CZO) lies within the 
Valley and Ridge Physiographic Province of the central 
Appalachian Mountains in Huntingdon County, 
Pennsylvania (40º39’52. 39”N 77º54’24.23”W). It is a 
first order basin characterized by relatively steep slopes 
(25-35%) and narrow ridges. The stream is a tributary of 
Shavers Creek (185 km2) that eventually discharges into 
the Juniata River, a tributary of the Susquehanna River 
Basin. The SSHO basin is oriented in an east-west 
direction and the major side slopes have almost true 
north and south facing aspects. Elevation ranges from 
256 meters at the outlet to 310 meters at the highest 
point in the watershed. The relatively uniform side 
slopes are periodically interrupted by seven distinct 
topographic depressions (swales).   

 
Figure 1.  The Shale Hills 8 hectare Watershed 
illustrating regolith development on steeply dipping 
shale bedrock. Image from NSF NCALM lidar survey.  
 
Climate: SSHO has a humid continental climate. 
Temperatures average 9.5°C with large seasonal 
differences: January temperature is –5.4°C, July is 
19.0°C. The highest temperature recorded is 33.5°C 
(April 27, 2009) lowest –24.8°C (January 17, 2009). 
Annual average relative humidity is 70.2%. Atmospheric 
deposition in PA is still characterized by acidic (pH~4) 
precipitation. 2009 water balance: Precipitation 1028 
mm, Evapotranspiration 59.4 mm, Recharge 31.9 mm, 
Runoff 509 mm, with a runoff ratio of 49.6% and 
interception of 28.4 mm.  
 
Soils: Shallow to moderately deep, gently dipping to 
steep, well drained residual shale soils exist on the ridge 
tops, while along slopes and in the valley bottom soils  

 

 

have formed on a colluvial and alluvial mantle of shale 
chips. Typical surface soil textures are silt loam, with the 
percentage of channery shale increasing with depth. 
Effective rooting depth (depth to bedrock) ranges from 
15 cm on ridge tops to 165 cm in some areas on the 
slopes. Soil structure is moderately developed 
throughout the basin. Soils are typically saturated along 
the stream and exhibit redoximorphic features as a result 
of seasonal soil saturation. A 3 – 5 cm organic layer that 
contains decaying leaf litter overlies all soils in the 
watershed. Figure 2 illustrates the bare-earth Digital 
Elevation Model from the NCALM Lidar survey.  

 

Ecosystem: The SSHO forest ecosystem is dominated by 
oak (Quercus), hickory (Carya) and pine (Pinus) 
species. Hemlock (Tsuga canadensis), red maple (Acer 
rubrum), white oak (Quercus alba) and white pine 
(Pinus strobus) line the deep, moist soils of the stream 
banks, while on the drier, shallower north and south-
facing slopes, red oak (Quercus rubra), chestnut oak 
(Quercus prinus), pignut hickory (Carya glabra) and 
mockernut hickory (Carya tomentosa) are dominant, 
with Virginia pine (Pinus virginiana) only appearing on 
the north-facing ridge tops. Understory woody species 
include plants in the Ericaceae family (including 
Vaccinium spp.), service berry (Amelanchier spp.), 
hawthorn (Crataegus spp.), raspberry/blackberry (Rubus 
spp.), sugar maple (Acer saccharum) saplings and witch 
hazel (Hamamelis virginiana). 
 
Land Use: Historically, the region was logged for 
charcoal to support a 19th and 20th century iron 
industry. Today, SSHO is a relatively pristine forest and 
good wildlife habitat with little human impact. The basin 
is primarily available for recreation, education and 
research. The Penn State forest, of which the basin is a 
part, is managed for timber with set-asides for research. 



There are a number of active PSU research projects 
within the Penn State Forest. 
 
Current Research Our interdisciplinary team works 
collaboratively at the Susquehanna-Shale Hills CZO to 
advance methods for characterizing regolith, to provide a 
theoretical basis for predicting the distribution, 
properties and evolution of regolith, and to theoretically 
and experimentally study the impacts of regolith on fluid 
pathways, flow rates, solute residence times, and 
response to climate change.  

Climate and Hydrometeorology: This research focuses 
on investigation of explicit coupling and feedback for 
subsurface-landsurface-atmosphere interaction using 
fully coupled models over meteorologic and climatic 
time scales. A long history of hydrologic research at the 
site has stimulated reanalysis research to reprocess and 
assimilate observational data collected during 
experimental campaigns conducted over a 40+ year 
span, into an integrated watershed reanalysis product.  

Weathering: Weathering fronts, mineral transformation 
reactions, and long-term physical-chemical weathering 
fluxes are elucidating the important physical, biological 
and hydrogeochemical processes that operate within this 
shale dominated catchment. 

Hydropedology: Using use a suite of non-invasive 
imaging techniques (X-ray tomography, ground 
penetrating radar, and electromagnetic induction) in 
combination with real-time soil monitoring we are able 
to detect and model subsurface flow networks and their 
dynamics. 

 

Figure 2. Shale Hills CZO sampling sites. 

Ecological Research: In this study patterns of tree water 
use and water availability across the watershed influence 
trees at the physiological, community and evolutionary 
time scales; and how a temperate forest affects water, 
energy and weathering rates.  

Stable Isotope Hydrology: The stable isotope network 
takes a comprehensive approach to determine space-time 
signatures in all stores of the watershed and to elucidate 
fluid pathways and time scales from source to sink.  

Watershed Modeling: The stable isotope network is also 
being used to evaluate the “age” and residence times of 
stable isotopes at Shale Hills as part of an integrated 
hydrodynamic model for water, solutes and sediments. 
The Penn State Integrated Hydrologic Model for water 
and energy budgets has been implemented at Shale Hills 
and the sediment transport and solute transport are in 
final stages of completion.  A landscape evolution model 
is planned for implementation in year 5. 

Soil Biogeochemistry: This research focuses on 
quantification of soil respiration rates and investigation 
of how water movement/storage and soil texture lead to 
variability in soil-atmosphere CO2 exchange. Ecological 
Research: In this reseach patterns of tree water use and 
water availability across the watershed influence trees at 
the physiological, community and evolutionary time 
scales; and how a temperate forest affects water, energy 
and weathering rates.  

Geomorphology: Sediment erosion, transport, and 
deposition are being incorporated into the Penn State 
Integrated Hydrologic Model. Efforts include 
development of a hillslope sediment flux model that 
incorporates tree-throw and freeze-thaw creep.  

Hydrogeophysics: In field-scale and lab-scale tracer 
tests both soils and shale material show preferential 
pathways that may be indicative of dual-domain solute 
transport behavior.  

The Observation Network The Shale Hills watershed 
has a comprehensive base of instrumentation for 
physical, chemical and biological characterization of 
water, energy, stable isotopes and geochemical 
conditions. This includes a dense network of soil 
moisture observations at multiple depths (120), a 
shallow observation well network (25 wells), soil 
lysimeters at multiple depths (+80), a research weather 
station including eddy flux measurements for latent and 
sensible heat flux, CO2, and water vapor, radiation, 
barometric pressure, temperature, relative humidity, 
wind speed/direction, snow depth sensors, leaf wetness 
sensors, a load cell precipitation gauge. A laser 
precipitation monitor (LPM: rain, sleet, hail, snow, etc.) 
was installed in 2008, as were automated water samplers 
(daily) for precipitation, groundwater, and stream water 



for chemistry and stable isotopes with weekly sampling 
of lysimeters. Arrays of sapflow measurements are 
carried out each year as a function of tree species (25 
species in the watershed).  Geochemical measurements 
for solution chemistry, isotopes, electrical conductance 
and potential are carried out weekly on the soil lysimeter 
profiles, stream, groundwater and precipitation. Real 
time observations for soil moisture, groundwater level, 
streamflow, and weather are at 10 minute intervals.  A 
multi-hop wireless sensor network (eKo-Array) has been 
deployed and is gradually replacing the real-time soil 
moisture, groundwater level, ground temperature, and 
electrical conductance at 25 observation well locations. 
 
The Shale Hills watershed and the larger Shaver Creek 
watershed has had 3 airborne lidar flights to date with 
the most recent flights at 1 m resolution to evaluate 
micro-topography and tree species identification. 
Bedrock elevation surveys have been carried out with 
ground-penetrating radar and verified with rotary air-
drilling and hand augering. Ground-based lidar and total-
station surveys have been carried out for all instrument 
elevations and tree surveys (trees > 8 inches) for species, 
biomass, crown height have been completed. Leaf Area 
Index (LAI), greenness index , microbial composition, 
distribution and CO2 flux are regularly carried out. A 
complete suite of borehole logging was done at 3 
locations to 17m. These include: (1) spectral gamma; (2) 
caliper- borehole diameter log to locate broken and 
fractured zone; (3) fluid resistivity- total dissolved solids 
in the water column (4) fluid temperature; (5) heat-pulse 
flowmeter- rate and direction of vertical flow in a 
borehole; and (6) optical tele-viewer for continuous, 
oriented, true-color 360o image of the borehole wall. 
Additionally hydraulic and tracer tests were done to 
estimate the effective hydraulic properties in all wells in 
the field.   
 
CZO Site Infrastructure: This section describes power, 
communications and sensor array infrastructure at Shale 
Hills.  
 
Power:  A 15 amp, 120 volt service was completed in 
July 2008, including lightning and surge protection.  
Power was tied off at a newly constructed small 
communications building located at the entrance to the 
watershed.  Extensions of that tie-off have been run to 
the eddy flux and wireless communication tower, the 
stream gauge at the Shale Hills outlet, and the sap flow 
experiment.  Other outlets have been requested and were 
installed in 2009-10  and continue to he installed. 
 
Backhaul Communications & Power: A 30m tower was 
installed in 2008 to provide backhaul link from the 
watershed to the university for real-time observations. A 
5.7 GHz Motorola multipoint access wireless system 

was installed by a local IP to serves Shale Hills and the 
larger Penn State Forest with internet communications. 
The tower, located 300m from the power lines and 
communication building, is also our main met-research 
site.  Ethernet and power was installed in 2008-09. In 
Dec. 2010 the Ethernet was replaced with a 3-mode fiber 
optic cable in response to several failures of the buried 
Ethernet due to lightning. Financial resources for the 
tower came from the 3 Penn State colleges that are 
involved in the CZO.  The system also supports the 
Shaver’s Creek Environmental Center for which they 
have their own access point where they will create a 
virtual classroom for K-12 education onsite at the center.   
 
Wired & Wireless CSI Network: From 2005-2009 the 
main observing network was based on Campbell 
Scientific data loggers that are maintained manually 
except for the RTH_NET sites which use a Free Wave 
900 MHz radio.   The 900MHz antennas and radios 
connects the RTH_NET  arrays to the backbone.  These 
sites include a below-canopy met station, groundwater 
levels, soil moisture profiles and stream stage 
observations. Although this network should be real-time 
in 2011.  A 3rd CSI manual network has recently been 
implemented for redox and dissolved oxygen 
measurements and this CSI system is expected to be 
real-time in 2011.  
Adaptive Sensor Network: A 25 node adaptive sensor 
network is presently being tested at Shale Hills for all 
sensors currently in use. Each node in eKo.NET can 
monitor: soil moisture, matric potential, soil 
temperature, soil electrical conductance, groundwater 
level, groundwater temperature, groundwater electrical 
conductance, and snow depth with an acoustic range 
sensor. eKo.NET provides communication capability 
with each node, and the ability to examine our sensors 
from any browser.  The system is intended to provide a 
simple to operate, low-power, real-time network with 
each node and in fact each sensor accessible over the 
web. The nodes or “motes” are based on Crossbow data 
acquisition and radio technology (http://memsic.com/). 
Wireless ad-hoc networks are packet based, multi-hop, 
radio networks consisting of mobile wireless nodes 
communicating over a shared wireless channel.  
 
 
Contacts:  Christopher Duffy    cxd11@psu.edu 
Principal Investigator 
Sue Brantley brantley@geosc.psu.edu 
Co-Principal Investigator 
Timothy White     tsw113@psu.edu 
National CZO Coordinator 
Website:    www.czo.psu.edu/shale_hills.html 
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The geomorphology working group is examining three fundamental questions at the 
Shale Hills CZO and in the surrounding region (Fig. 1): 
 

1) What are the primary processes and rate laws that set the shape of the 
landscape and the thickness & properties of the Critical Zone? 

2) What are the dynamics of feedbacks between hydrology, biology, weathering, 
and physical erosion? 

3) How have the processes and products of the SHO regolith mill changed in 
response to past climatic, base level, and land‐use perturbations? 

 
Question 1: Primary processes 
and rate laws 
We are approaching the question of 
what controls soil erosion and 
downslope transport from both a 
theoretical and empirical perspective.  
Ongoing theoretical efforts include 
development of a hillslope sediment 
flux model that incorporates tree‐
throw and freeze‐thaw creep.  Model 
development also includes 
improvement of overland and channel 
flow formulations to simulate 
unsteady non‐uniform flows.  
Validation experiments will employ 
LiDAR and regolith thickness data 
being collected onsite.  
 

We are also conducting field‐based experiments designed to quantify the rate of 
regolith formation, the role of tree‐throw in the downslope transport of material, and 
the residence time of material in regolith.  These experiments combine two types of 
data: 1) high‐resolution topographic surveys obtained by terrestrial laser scanning (Fig. 
2a) to characterize the spatial density of pit‐and‐mound topography associated with 
tree‐throw; and 2) field calibration of the material transported per event (Fig. 2b).   In 
addition, we are using the spatial distribution of meteoric 10Be along hillslope transects 
(Fig. 3) to estimate the residence time of regolith materials near the surface and the 
rate at which these move downslope. 
 

Figure 1. Perspective view of a shaded‐relief image 
generated from high‐resolution LiDAR topographic data.  The 
relict braided stream in the foreground with alluvial terraces 
is interpreted to have formed during earlier time periods of 
increased sediment yield associated with active hillslope 
transport under periglacial conditions.  Adjustments in this 
trunk stream are suspected to have changed base level for 
the SHO watershed. 



 
Figure 2a. Closeup perspective view 
of a shaded relief image of the SHO 
watershed, with an overlay generated 
from terrestrial laser scanning of 
topography.  Note the submeter scale 
roughness associated with pitand
mound topography interpreted to 
represent relict treethrow events.  

Figure 2b: Geometric properties of pit
andmound topography. 

 
Question 2: Feedbacks in 
the landscape/regolith 
system 
Transport laws relating 
sediment transport, erosion, 
and deposition are being 
incorporated into the Penn 
State Integrated Hydrologic 
Model (PIHM) and 
implemented in numerical 
simulations designed to 
illuminate the nature and 
direction of feedbacks among 
processes acting within the 
Critical Zone.  The fully 
integrated hydrologic/sediment 
flux model (PIHMSed) includes 
feedbacks between soil 
thickness, downslope sediment 

flux due to rate of tree‐throw, rate of regolith conversion from bedrock, evolving soil 
moisture,  and solute fluxes.  Three domains (Fig. 4) all co‐evolve to produce different 
steady‐state landscapes, depending upon the external forcing conditions. 
 
 



 
Figure 3. Schematic representation of the use of meteoric 10Be as a tracer of sediment flux on hillslopes.  
Meteoric 10Be is produced by cosmicray reactions in the atmosphere and delivered to the ground 
surface via precipitation.  Accumulation in regolith over geologic time is a function of both delivery rate, 
and the residence time of regolith material in the watershed. 

 
 
Question 3: Dynamic evolution of the SHO over geologic time 
The thickness of regolith and the efficiency of the weathering engine in the SHO has 
been influenced by perturbations in both the geologic and recent past.  Ongoing 
efforts are focused on understanding the response of Critical Zone processes to 
enhanced sediment production and hillslope transport during periglacial times.  
Analysis of high‐resolution digital elevation models (generated from airborne laser 
altimetry surveys) reveals abundant periglacial features such as solifluction lobes in 

the region, as well as 
evidence for 
previous periods of 
aggradation along 
fluvial systems (Fig. 
1).  Using a 
combination of 
coring and 
subsurface imaging 
(using ground‐
penetrating radar), 
we are currently 
exploring whether 
these processes 
generated deposits 

that are present in 
the subsurface of 
SHO, and, if so, to 

Figure 4. Definition sketch of hillslope where z = ground surface elevation (m), 
e = bedrock interface elevation (m), f = fracture zone thickness (m), h = regolith 
thickness measured in the vertical (m), U = rock uplift rate (m yr‐1), E = net 
erosion/deposition rate (m yr‐1) on the surface by overland flow, and qsx = 
volumetric flux of regolith (m3 m‐1 yr‐1).  These form the basis for transport laws 
implemented in PIHM. 



what degree they influence chemical and isotopic measures of weathering and soil 
production. 

 

We anticipate that these investigations will inform our understanding of the degree 
to which antecedent conditions “preconditioned” the landscape and materials now 
incorporated in the Critical Zone.  For example, hillslopes along east‐west oriented 
hillslopes within the CZO and nearby catchments exhibit systematic differences in 
gradient.  We speculate that this difference reflects more efficient hillslope 
transport during vigorous periglacial activity in the past, but acknowledge that such 
differences may still be reflected in the modern transport and weathering regime. 

 

 

Geomorphology team: Rudy Slingerland (PI), Eric Kirby (PI), Nicole West (Ph.D. 
student) 

Collaborators: Paul Bierman (University of Vermont) 
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Hydropedology Studies at the Shale Hills CZO: Hydropedology research being conducted at 
the Shale Hills CZO is multi-faced, cross-scale, and interdisciplinary. Two fundamental 
questions we seek to answer 
are: 

1) How do soil architecture 
and the distribution of soils 
over the landscape exert a 
first-order control on 
hydrologic processes (and 
associated biogeochemical 
and ecological dynamics) 
across spatio-temporal 
scales? 

2) How does landscape water 
(and the associated transport 
of energy, sediment, 
chemicals, and biomaterials 
by flowing water) influence 
soil genesis, evolution, 
variability, and functions? 

We focus on interactive hydrologic and pedologic processes at the pedon, hillslope, and 
catchment scales. The 
following several studies have 
been ongoing: 

Soil Moisture Spatial-
Temporal Patterns across 
Scales: A spatially intensive 
network of soil hydrology 
monitoring has been 
implemented at the Shale Hills 
since 2004 (Fig. 1). This 
includes (1) a total of 106 sites 
(covering all soil types, 
topographic positions, and 
landform units in the 
catchment) where 
approximately weekly 
measurements of soil 
volumetric water content, 
matric potential, and water 



table are conducted manually from soil surface down to bedrock, and (2) a total of 12 stations 
where real-time soil moisture, matric potential, temperature, and water table are monitored 
automatically at 0.5-10 minutes interval. An example of soil moisture spatial pattern and its 
temporal stability is illustrated in Fig. 2. We continue to investigate the controls of soil moisture 
spatial-temporal patterns and related processes (including soil type, depth to bedrock, landform, 

topography, vegetation, 
and climate). 

Subsurface Flow 
Pathways and 
Processes: We use a 
suite of non-invasive 
imaging techniques (X-
ray tomography, ground 
penetrating radar or GPR, 
and electromagnetic 
induction or EMI) in 
combination with real-
time soil hydrologic 
monitoring to detect and 
model subsurface flow 
networks and their 
dynamics (Fig. 3). In 
particular, we use time-
lapsed approaches to 
reveal complex 
subsurface architecture 
and its relationships to 

hydrologic functions. A large geophysical database has been developed over the years. 

Defining and Delineating Hydropedological Functional Units: These are soil-landscapes units 
in the catchment 
that have similar 
soil properties 
and hydrologic 
functions (Fig. 
4). We plan to 
construct 3D 
stratified 
catchment to 
facilitate 
modeling and 
monitoring. 

Coupling 
Hydropedology 



with Biogeochemistry with a Focus on Carbon dynamics: We are evaluating the coupling of 
hydropedological properties (soil type, depth, moisture content, water table, and redox dynamics) 
and biogeochemistry through the quantification of carbon dynamics. Soil pore waters from 
nested lysimeters in four hillslope transects (swales and planar hillslopes on both north and south 
sides of the catchment) in different landscape positions (ridge-top, mid-slope, and valley floor) 
are being continuously collected, along with bulk soil samples and stream and ground water 
samples, for analyzing dissolved organic carbon (DOC) and major cations and anions. Daily 
export of DOC from the stream and its flushing mechanism are also being investigated, as well 
as the role of metals in stabilizing DOC to enhance carbon storage in the catchment soils (Fig. 5). 

Contacts: Henry Lin 
(PI), Chris Graham 
(postdoc), Danielle 
Andrews (PhD student), 
Jun Zhang (PhD 
student), Doug Baldwin 
(MS student) 

Collaborators: Jim 
Doolittle, Chris Duffy, 
Sue Brantley, Lixin Jin 
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5. Weathering & Soils                                                    March 2011 

 

  

Sources and cycling of Mn: Located in the 
heart of a historic iron producing region, the 
Susquehanna Shale Hills CZO provides a 
model system to investigate anthropogenic 
metal inputs to soils. Detailed geochemical 
studies have shown that excess manganese 
(Mn) contaminates the soils at SSHO due to 
past atmospheric deposition (Herndon et al., 
2011). This Mn, emitted as a byproduct of 
iron and steel production, coal combustion, 
and other industries, remains in the soil as the 
legacy of Huntingdon County's industrial 
past. 

We are currently evaluating the role of 
vegetation in retaining Mn within the 
watershed (Figure 1). Low concentrations of 
Mn are found in soil pore fluids, indicating 
that losses to chemical weathering are small. 
In contrast, high concentrations of Mn are 
found in tree leaves, suggesting that Mn is 
being rapidly taken up from soil by the trees. 
In this way, vegetation acts as a “capacitor” that stores Mn and releases it slowly to the 



environment over time. 
We are using X-ray 
absorption spectroscopy 
(XAS) to characterize Mn 
in soils and vegetation. 
Preliminary results show 
that Mn in foliar tissue is 
reduced and complexed 
with organic compounds 
(Figure 2), while Mn in 
soils is present as a tri-
/tetravalent oxide, 
indicating that Mn is 
oxidized and 
immobilized as tree 
leaves fall to the soil and 
are decomposed. 

Additionally, we are coupling our study of Mn at SSHO with analysis of global Mn 
contamination. Data gathered from multiple geochemical databases show that Mn addition is 
common in soils, but patchy in distribution. Air and water data indicate that air concentrations of 
Mn peaked in the 1960s before declining by an order of magnitude, while riverine outputs of Mn 
peaked ~1980 before also declining. 

This research is spearheaded by Elizabeth Herndon. [Herndon, E.M., Jin, L., and Brantley, S.L. 
(2011) Soils reveal widespread manganese enrichment from industrial sources, Environmental 
Science & Technology 45(1), 241-
247.] 

Iron Isotopes: This research involves 
understanding how Fe is transformed 
and cycled as a result of weathering 
and soil formation in the Shale Hills 
watershed. In order to investigate this 
question, a series of soil samples were 
collected from along a transect and 
analyzed for bulk chemistry and Fe(II) 
concentrations. Chemical weathering 
results in a moderate but incomplete 
loss of both total Fe and Fe(II) from 
soil profiles. Furthermore, mass 
balance calculations are used to 
evaluate fluxes of these two 
constituents from different topographic 
positions along the transect. 



In order to better elucidate microbiological processes that may be cycling Fe within the 
catchment, both Fe-oxidizing and Fe-reducing bacteria were cultured. The abundance of Fe-
reducing bacteria is well predicted by soil moisture level, while Fe-oxidizing bacteria are often 
prevalent near the soil/bedrock interface. 

A final goal of this research involves understanding how different processes associated with Fe 
weathering and cycling may fractionate the stable isotope values of Fe in soils. Previous 
experimental work suggests that many common processes (including bacterial Fe reduction and 
the ligand-promoted dissolution of minerals) tend to produce Fe isotope signatures in bulk soils 
that are isotopically heavy relative to starting material. In contrast, although the overall extent of 
Fe fractionation in SSHO soils is low, we observe a very different type of trend that involves 
isotopic depletion with increased weathering extent toward the valley floor (Figure 1). At the 
moment, we are not fully sure of how to explain this trend. It may result from the preferential 
uptake of isotopically light Fe by vegetation over time or from the loss of isotopically enriched 
dissolved Fe from the watershed. This research is spearheaded by graduate student Tiffany 
Yesavage. 

Uranium-series disequilibrium isotopes: U-series disequilibrium isotopes (238U, 234U, and 
230Th) of shale rocks and soils are being analyzed at the Shale Hills catchment to derive the soil 
production function and estimate the residence time of regolith particles using mass balance 
models (Figure 1). The activity ratios observed in the soils are explained by loss of U-series 
isotopes during water-rock interactions and re-precipitation of 234U and 238U downslope. Regolith 

production 
rates calculated 
with these 
isotopes 
decrease 
exponentially 
from 45 to 15 
m/Myr 
(regolith 
residence times 
increase from 
6.7 to 45 kyr) 
on the south 
planar transect, 
with increasing 
soil thickness 
from the ridge 
top to the 
valley floor. By 
contrast, 

regolith production rates from the north planar transect are ~40-52 m/Myr (regolith residence 
times are 8-10 kyr). The regolith profiles on the northern, sun-facing slope are thus characterized 
by faster regolith production rates and shorter duration of chemical weathering compared to the 
southern, more shaded slope. These observations are consistent with the conclusion that aspect 



exerts an important control on the 
regolith formation at the Shale Hills 
catchment. The aspect asymmetry 
induces different microclimatic 
conditions that affect slope stability 
and erosion and set the residence 
time for the materials available for 
chemical weathering. Given that the 
SSHO experienced a peri-glacial 
climate ~15 ky ago, we conclude 
that the hillslope retains regolith 
formed before that glacial period 
and that the hillslope is not at 
geomorphological steady state. This research is spearheaded by postdoctoral scholar Lin Ma 
(present address: Department of Geological Sciences, University of Texas at El Paso, El Paso, 
TX 79968). [Ma, L., Chabaux, F., Pelt, E., Blaes, E., Jin, L., and Brantley, S.L., Regolith 
production rates calculated with Uranium-series isotopes at Shale Hills Critical Zone 
Observatory, Earth and Planetary Science Letters vol 297, 211-225; Ma, L., Chabaux, F., Pelt, 
E., Jin, L., and Brantley, S., North versus south: Implications from U-series isotopes about 
regolith formation at Shale Hills, to be submitted] 

U-series isotopes and trace element concentrations were also measured in a basaltic andesite 
weathering rind from the Bras David watershed in Guadeloupe to study chemical weathering 
under a tropical climate. These measurements allow us to directly quantify rind formation rates 
in Guadeloupe and to further independently test the hypothesis that the curvature of core-rind 
boundary controls the rind growth rate. Based on the measured U-series activity ratios, rind 
formation rate is determined and increases to a factor of about 1.4 (0.23 to 0.31 mm/kyr) from a 
low curvature transect to a high curvature transect of the clast (Figure 2). The observation of a 
higher rate of rind formation on a higher curvature interface is expected with a diffusion-limited 
weathering rind formation, as a higher curvature interface experiences a more active and faster 
exchange between the weathering fluids and clast compared to a low curvature site. U-series 
geochronmetry is thus proven to be an effective dating tool to study rind formation rates and also 
provides the first directly evidence that the curvature of the interface controls the rate of the rind 
formation on the clast scale [Ma, L., Chabaux, F., Pelt, E., Granet, M., Sak, P., Gaillardet, J., 
Lebedeva, M., and Brantley, S., Control of curvature on rind formation rates: evidences from 
Uranium-series isotopes in basaltic andesite weathering clasts in Guadeloupe, to be submitted]. 



Water Chemistry: An intense field 
study was conducted at the 
Susquehanna/Shale Hills Critical Zone 
Observatory to use water chemistry to 
probe the subsurface hydrogeochemical 
conditions and water flow dynamics. 
Soil pore water sampled through tension 
lysimeters suggest that contemporary 
reaction rates depend on preferential 
flowpaths and solute residence times, 
and are limited by dissolution kinetics. 
Thus weathering processes are strongly 
coupled with hydrological features of 
shale rocks and soils. The chemistry of 
ground- and streamwater is being 
analyzed in relation to that of the soil 
porewaters to elucidate the mineral 
reactions occurring below the soils and 
to derive elemental fluxes over the 
whole catchment. 

Soil water solutes are predominantly 
contributed by shale weathering, which 
is limited by clay dissolution kinetics. 
As such, solute concentrations are 
primarily controlled by the residence 
time of water in soil. Translocation and 

deposition of secondary clays created B-horizons that are more conductive to lateral flow right 
above or below it than vertical flow. Consistent with soil moisture monitoring data, water flows 
out of the steep-sloping hillslope predominantly laterally through preferred pathways that include 
soil horizon and soil-bedrock interfaces, and vertically via macropores. As a consequence, much 
higher concentrations of major cations are observed in porefluids within the B-horizon because 
water flows more slowly and mineral-water contact time is much longer. The amplitude of 
seasonal variations in O and H isotopes decreases in the order: precipitation>> soil water > 
stream > groundwater, suggesting water becomes progressively older as rainfall infiltrates the 
soil and eventually recharges to ground water. Interestingly, Mg concentrations increase with the 
residence time of the water due to increasing contact time with minerals (clay and ankerite). 
Stream water is a mixture of groundwater and shallow soil water where the relative proportions 
change seasonally. The discharge of the first-order stream responds to precipitation closely, 
documenting the rapid release of both old groundwater and relatively young soil water during 
storms. 



 

 Jin, L., Andrews, D.M., Holmes, G.H., Duffy, C.J., Lin, H and Brantley, S.L. (2011) Water 
chemistry reflects hydrological controls on weathering in Susquehanna/Shale Hills Critical Zone 
Observatory (Central Pennsylvania, USA). In review for Vadose Zone Journal. 

Neutron Scattering: We use neutron scattering techniques to characterize the evolution of 
nanoscale features (e.g., nano-porosity, surface area, surface roughness) in shales and to reveal 

that changes of these physical 
properties are coupled with 
chemical weathering reactions. 
At ~ 20 m depth, dissolution is 
inferred to have depleted the 
bedrock of ankerite and all the 
chips investigated with neutron 
scattering are from above the 
ankerite dissolution zone. 
Scattering data documents that 
5-6% of the total ankerite-free 
rock volume is comprised of 
isolated, intraparticle pores. At 
5 m depth, an abrupt increase in 
porosity and surface area 
corresponds with onset of 
feldspar dissolution in the 



saprock and is attributed mainly to peri-glacial processes from 15 ka. At tens of centimeters 
below the saprock-regolith interface, the porosity and surface area increase markedly as chlorite 
and illite begin to dissolve. These clay reactions contribute to the transformation of saprock to 
regolith. Throughout the regolith, intraparticle pores in chips connect to form larger interparticle 
pores and scattering changes from a mass fractal at depth to a surface fractal near the land 
surface. Pore geometry also changes from anisotropic at depth, perhaps related to pencil cleavage 
created in the rock by previous tectonic activity, to isotropic at the uppermost surface as clays 
weather. In the most weathered regolith, kaolinite and Fe oxyhydroxides precipitate, blocking 
some connected pores. These precipitates, coupled with exposure of more quartz by clay 
weathering, contribute to the decreased mineral-pore interfacial area in the uppermost samples. 

These observations are consistent with conversion of bedrock to saprock to regolith at SSHO due 
to i) transport of reactants (e.g., water, O2) into primary pores and fractures created by tectonic 
events and peri-glacial effects, ii) mineral-water reactions and particle loss that increase porosity 
and the access of water into the rock. From deep to shallow, mineral-water reactions may change 
from largely transport-limited where porosity was set largely by ancient tectonic activity to 
kinetic-limited where porosity is changing due to climate-driven processes. 

Jin, L., Rother, G., Cole, D.R., Mildner, 
D.F.R., Duffy, C.J. and Brantley, S.L. 
(2011) Characterization of deep 
weathering and nanoporosity 
development in shale – a neutron study. In 
press for American Mineralogist. 

Swale Chemistry: The soil chemistry 
data (major and REEs) from a swale 
transect are characterized for comparison 
to similar measurements on a planar 
transect for the Susquehanna/Shale Hills 
critical zone observatory. Similar reaction 
fronts are observed: plagioclase 
dissolution is indicated by Na and Ca 
depletion and a negative Eu anomaly; clay 
dissolution followed by particle loss is 
accompanied by loss of Mg, K, Fe, Al and 
Si. However, different from the planar 
transect, soils along the swale transect, 
especially in the topographically 
depressional site, do not show smooth 
elemental profiles. This documents both 
residuum soils and accumulation of 
colluvium sediments. The soils at the 
swale transect are thicker and on average 
wetter than those along the planar 
transect; however, the Ce anomaly 



observed in the swale soils is consistent with a generally oxic environment. Thus, preferential 
flowpaths are an important mechanism for water transport, preventing swale soils from water 
saturation.  

Jin, L. and Brantley S.L. (2011) Soil chemistry and shale weathering on a hillslope influenced by 
convergent hydrologic flow regime at the Susquehanna/Shale Hills Critical Zone Observatory. 
Abstract submitted to the 9th International Symposium on Geochemistry of the Earth’s Surface 
(GES-9). 

Deep shale weathering: Molly Holleran is a senior undergrad in the Geosciences Department, 
who has been working as a field assistant at Shale Hills for the past three years. She assists with 
lysimeter sample collection during the spring, summer and fall seasons. Molly is now working 
on her senior thesis based at Shale Hills, on the quantification of deep shale weathering. 
Research goals include evaluating the change of mineralogy with depth, and determining if 
changes seen can be attributed to chemical weathering or heterogeneity in the lithology. 
Carbonate, pyrite, feldspar, and illite/chlorite reaction fonts are being investigated, from the ridge 
top to the valley floor. Overall, a goal of this study is to be able to relate the process of shale 
weathering and associated reaction fronts with the overall water-table in the catchment.  

  

  

  

 Contacts: Susan Brantley (PI), Carmen Enid Martinez 

  



3. Biogeochemistry       March 2011 

 

Soil Biogeochemistry: We are 
investigating the distribution of total 
soil carbon, soil CO2 concentrations, 
dissolved organic carbon (DOC), and 
soil microorganisms along hillslopes 
and with soil depth at the Shale Hills 
Critical Zone Observatory. These 
measurements will help us predict how 
soil development affects soil carbon 
storage and transport in this watershed. 
Jason Kaye (Department of Crop and 
Soil Sciences) and Susan Brantley 
(Geosciences) are interested in soil 
respiration rates at the Shale Hills 
Critical Zone Observatory. Soil 
respiration is the release of CO2 from 
plant roots and soil heterotrophic organisms to the atmosphere. Kaye’s group is working to 
quantify how water movement, water storage, and soil texture affect soil-atmosphere exchange 
rates of CO2. The flux of CO2 from soil is a critical component of the global carbon cycle, yet 
factors affecting this flux remain unclear. 

Work by Danielle Andrews (advised by 
Henry Lin of Crop and Soil Sciences) 
examines how soil and landscape 
characteristics affect the movement of 
dissolved organic carbon (DOC) within 
the Shale Hills watershed. These studies 
indicate that DOC concentrations are 
correlated with topographic position. For 
instance, soil pore fluids in swale sites 
have elevated DOC relative to planar 
hillslope sites. Swales contain deeper soils 
than the planar hillslopes and are regions 
of convergent water flow that may 
facilitate organic matter collection and 
breakdown. Additionally, DOC 
concentrations were found to vary within 
the soil profile. For example, DOC 
increases above restrictive soil interfaces 

such as the clay-rich Bt horizon (Figure 1). Graduate student Tiffany Yesavage (advised by 
Susan Brantley of Geosciences) is investigating how variations in DOC and total carbon 



concentrations in turn may affect the distribution of different groups of microorganisms at 
different depths and topographic positions (Figure 2).  

The ultimate goal of this work is to understand how environmental parameters such as rates of 
regolith formation can be used to explain the distribution of CO2 and DOC in soils throughout 
the catchment. By creating this interdisciplinary team consisting of members from Crop and Soil 
Sciences and Geosciences, we hope to provide a theoretical basis for predicting soil carbon 
dynamics in shale-derived watersheds around the world. 

 

  

Contacts: Jason Kaye (PI) and Susan Brantley (PI)  



4. Hydroclimatology       March 2011 

 

 

Subsurface-land surface-atmosphere interaction: The instrument array at Susquehanna Shale 
Hills Critical Zone Observatory (SSHO) enables an unprecedented investigation of the 
subsurface-land-surface-atmosphere interaction. A fully-coupled hydrologic-land-surface model 
is developed and tested on SSHO to study the subsurface-land-surface interaction. The questions 
being researched include: 

1) How does the hydrologic modeling system, driven by satellite observations and 
meteorological reananalyses improve the prediction of flood and drought conditions?  

2) How does the fully-coupled hydrologic-land-surface modeling system improve the 
prediction of surface energy balance (SEB)?  

3) What are the impacts of upland 
recharge, groundwater 
redistribution, root uptake of water, 
and water table fluctuations on 
SEB?  

4) What are the impacts of 
vegetation (vegetation fraction, leaf 
area index, etc.) on hydrologic and 
land-surface systems?  

5) How do the model parameter 
values affect the coupled processes in the modeling system? 



Groundwater, land surface and atmosphere are closely related to each others.  A barrier to 
studying the subsurface-land-surface-atmosphere interaction is the lack of sufficient numerical 
model. Traditional hydrologic models have relatively simple land-surface schemes, while 
traditional land surface models (LSMs) are limited to vertical moisture transport in the soil 
column and ignore the deeper soil moisture processes and groundwater. The combination of local 
sensor arrays at SSHO provides valuable information for advance modeling. In particular, the 
eddy-covariance flux tower provides an opportunity to investigate the SEB and turbulence 
properties at SSHO and a primary means to evaluate model SEB simulations. A groundwater-
land-surface model system has been developed from the Penn State Integrated Hydrologic Model 
(PIHM) by incorporating a land-surface component into PIHM. This land-surface scheme is 
mainly adapted from the Noah LSM, which is widely used in mesoscale atmospheric models and 
has undergone extensive testing. Because PIHM is capable of simulating lateral water flow and 
has deep groundwater, the new model is able to represent some of the land-surface heterogeneity 
caused by topography. At the same time, the robust land-surface scheme provides accurate 
sensible heat flux and evapo-transpiration rates. The new model has been implemented for the 
SSHO (Figure 1). It is manually calibrated to enhance its performance at this watershed. Model 
parameters including soil hydraulic conductivity, macropore hydraulic conductivity, soil 
porosity, van Genuchten soil parameters, and minimum stomatal resistance are tuned to fit the 
model outputs with both hydrologic and land-surface measurements. The model is driven by in 
situ measurements and North American Regional Reanalysis (NARR) dataset.  

 

The model reproduces realistic topographically-induced distributions of water table, soil 
moisture, and skin temperature. The simulated river discharge shows good agreement with outlet 

gauge measurements (Figure 3). The 
sensible and latent heat fluxes simulated 
by the new LSM compare well with the 
eddy-covariance flux measurements on 
most days (Figure 4). Errors are relatively 
large when NARR fails to provide 
realistic radiation data. The model is able 
to capture the fluctuation of saturated and 
unsaturated water reasonably well. It 
therefore provides more realistic soil 



moisture variations which benefits the simulation of surface energy balance. The simulated 
sensible heat flux, latent heat flux, ground heat flux, and skin temperature are correlated with 
water table depth and are affected by soil type and land cover as well (Figure 5). The impact of 
soil type and land cover strengthens with the increase of water table depth.  

 

 

This fully-coupled model of the atmosphere, land surface and subsurface may yield significant 
improvements in both flood/drought forecasting and in weather forecasting, and provide a 
valuable chance to study the subsurface-land surface-atmosphere interactions. 

  

Hydroclimatology team: Kenneth Davis (PI, davis@meteo.psu.edu), Yuning Shi (PhD student, 
yshi@psu.edu), Burkely Twiest (undergraduate student, blt5086@psu.edu) 

 



7. Isotope Hydrology                                            March 2011 

Stable Isotope Network: An isotopic 
sampling network has been implemented at the 
Susquehanna Shale Hills Critical Zone 
Observatory. This site has been approved as a 
node in the IAEA Global Network of Isotopes 
in Precipitation (GNIP) database. This 
research is an attempt to determine oxygen-18 
and deuterium signatures and time scales in all 
stores of the watershed. Some of the questions 
to be researched include: 

1) Can the isotope network be used to 
determine the continuous mean age of the 
system, and how does this mean age change 
over time?  

2) What are the dominant modes 
controlling each phase of the hydrologic 
cycle, and how do these change over time?  

3) How are macro-pores affecting water flow paths in the subsurface?  

4) How does vegetation affect the hydrologic cycle? 

The stable isotope network covers all phases of the hydrologic cycle, including precipitation 
sampled on an event basis with an Eigenbrodt NSA-181S wet only collector (four-hour samples), 
soil water sampled weekly along four transects with suction-cup lysimeters, groundwater 
sampled daily at two wells with ISCO automatic samplers and weekly at 15 wells, vegetation 
sampled during the growing season, and stream water sampled daily with an ISCO automatic 
sampler. An example of the instruments used at the different sampling locations is shown in 

figure 1, and the location of the instruments is 
shown in figure 2.  

The comprehensive sampling of the catchment 
is possible because of the DLT-100 liquid 
water stable isotope analyzer from Los Gatos 
Research. The DLT-100, shown in figure 3, is 
a new machine that uses off-axis integrated 
cavity output spectroscopy (laser-absorption 
spectroscopy) to determine absolute isotope 
abundances. The machine has a 
reproducibility of ± 0.2‰ for oxygen-18 and 
± 1.0‰ for deuterium, and the capability to 
run approximately 30 samples per day. This 



machine is simpler to use, quicker, and cheaper than a traditional isotope ratio mass spectrometer 
(IRMS).  

The goal of this research is to identify flow paths and time scales of water from precipitation 
input through stream flow output from the catchment. Although results are preliminary 
precipitation, soil water, groundwater and stream 
water can be visualized with a local meteoric water 
line (figure 4). The soil water, groundwater and 
stream water plot in the same region, suggesting 
that the source of the stream is primarily soil water 
and groundwater. It is also clear that the stream 
water, soil water, and groundwater all depart from 
the local meteoric line. The reason for this is 
unknown, but it can possibly be due to evaporation 
or the influence of snow recharging the system. 
Time series analysis and spatial principal 
component analysis is used to “classify” dominant 
modes and processes affecting stable isotope 

dynamics in the watershed. Time 
series analysis will be used on the 
daily stream water and groundwater 
record to determine how these 
phases evolve through time. Spatial 
principal component analysis will be 
used on the records of weekly 
groundwater and soil water samples 
to determine how these phases 
evolve spatially. Principal 
component analysis will also be 
used on the watershed as a whole, to 
determine how all the phases of the 
hydrologic cycle are related 
spatially. The stable isotope 
network, real time hydrologic 
network, real time soil moisture 
network, real time groundwater 
network and sap flow network are 

being used to quantitatively estimate the continuous mean age of the water in the catchment. An 
age model is being developed by Duffy (unpublished), that incorporates transient 
hydrodynamics, and determines the continuous mean age of the system from the moments of the 
tracer age distribution function. The tracer at Shale Hills will be 18O and 2H, which are ideal 
tracers because they are part of the water molecule, and conservative at the low temperatures 



found in the watershed. The ultimate goal of the isotope research can be summarized as: where is 
the water going, what controls its movement, and how long will it be in the system?  

Written by Kevin Dressler and George Holmes  

For more information about Isotope Hydrology at the Shale Hills CZO contact:  

Christopher Duffy (PI): cxd11@psu.edu  

Kevin Dressler (senior personnel): kxd13@psu.edu  

George Holmes (masters student): ghh108@psu.edu  

  

  

 



8. Ecology        March 2011 

 

Ecological studies at the Shale Hills Observatory include patterns of tree water use across the 
water shed, and how water availability may influence trees at the physiological, community and 
evolutionary time scales. Measurements include: 

• Mapping of tree species distribution, sapwood area and leaf area index 
• Transpiration by sap flux 
• Tree hydraulic parameters for conducting water and tolerating water stress 
• Sources of water uptake 
using natural abundance of 
18O and 2H  

From this work we hope to 
improve hydraulic models 
and our understanding of how 
water availability shapes the 
ecology of temperate forest 
trees.  

We characterized the woody 
vegetation in the watershed 
by surveying all canopy trees 
greater than 8” diameter at 
breast height (DBH). From 
this data we gained 
information about the 
presence, distribution, and 
dominance of species within 
the watershed. These data are 



being used to better understand how water 
availability may influence the ecology of tree 
species as well as permit scaling of individual 
estimates of tree transpiration (Figure 1).  

Sap flow sensors (heat dissipation probes) have 
been installed at multiple locations in the 
watershed in multiple tree species. Data are 
being continuously logged and transmitted to 
the web. Trees of different vascular anatomy 
(ring-porous vessels, diffuse porous vessels, 
trachieds only - coniferous) seem to have very 
different responses to wetting and drying events 
(Figure 2).  

Small branch samples have been collected to 
measure specific conductivity, capacitance, and 
xylem vulnerability. These parameters make it 
possible to characterize the hydraulic 
architecture of the tree and to determine which 
species make more or less conservative use of 
water. Six species within the three dominant 
genera of the watershed were sampled at four 
different sites. By sampling all species at both 
wet and dry sites, environmental variation is 
reduced and we are able to begin to 
differentiate between genetic adaptation by a 
species and an individual’s plasticity.  

When trees take up water from the soil, the water maintains the same concentration of 18O and 
2H isotopes while it is transported through the tree. By extracting the xylem water from small 
branches in the canopy, it is possible to determine the isotopic signature of the water taken from 
the soil. This signature is then compared with the signatures of surface-shallow soil water and 
deeper ground water. Because each source has a unique signature, we can determine which water 
source the tree is relying on by how similar the tree’s signature is to a source’s signature.  

Contact: David Eissenstat (PI)  

  



9. Watershed Modeling        March 2011 

Hypothesis: When compared to similar but less intensive observations for watersheds chosen 
along environmental gradients, the observed and predicted rates of regolith formation at Shale 
Hills provides the basis for quantification of hydrologic and hydrochemical prediction as well as 
identification of storage reservoirs and preferential pathways in shale-dominated landscapes. 

In order to test the hypothesis above and to evaluate our “predictive understanding” of water, 
solute, energy, and sediment cycles, it was necessary to rapidly implement a first-class observing 
system at the Susquehanna-Shale Hills CZO and to continue to build a new generation of 
environmental models capable of simulating pathways, time scales and feedbacks of the system 
processes. It is not widely recognized that watershed modeling is a data-intensive process. Our 
approach to synthesis of experimental data and computational models began by developing web-
based GIS tools that allow rapid model prototyping and archiving by, with fast access to 
terabytes of CZO and national data with online data mining, and visualization tools geared to 
users that are not modelers or scientists but rather focus on policy, planning and decision 
making. The CZO LIDAR VIEWER (http://pihm.ics.psu.edu/CZO_NOSL/Default.aspx) is one 
example. Although the process is still underway, a model-data integration framework is presently 
being tested at the Penn State Institute for CyberScience facility for data intensive computing 
using the Shale Hills testbed. The facility will provide support on-line access to visualization, 
data analysis tools and other resources necessary for model setup, simulation, scenario building 
and CZO science support. We have downloaded the necessary national data sets so that model 
input for weather, climate, soil, land cover and geology for all  watersheds in the US. The basic 
workflow is illustrated in Figure 1. In principal all data and models would reside in a private 
“CZO-cloud” accessible by all with most technical details transparent to users. The hardware is 
designed for data-intensive web-based applications and model analysis that are connected to a 
private cloud to distribute the work load and make the details of model input preparation 
transparent to the user. 

PIHM Model: The Penn State Integrated Hydrologic Model (PIHM) is a multi-process, multi-
scale hydrologic model for Numerical Watershed Prediction (NWP), where the major 
hydrological processes are fully coupled using the semi-discrete finite volume method.  Instead 
of coupling through artificial boundary conditions, major hydrological processes are fully 
coupled by the semi-discrete finite volume approach. For those processes whose governing 
equations are partial differential equations (PDE), we first discretize in space via the finite 
volume method. This results in a system of ordinary differential equations (ODE) representing 
those processes within the control volume. Within the same control volume, combining other 
processes whose governing equations are ODE’s, (e.g. the snow accumulation and melt process); 
a local ODE system is formed for the complete dynamics of the finite volume. After assembling 
the local ODE system throughout the entire domain, the global ODE system is formed and 
solved by a state-of-art ODE solver. PIHM represents a simulation strategy for the solution of 
process equations at the watershed and river basin scales, and includes a tightly coupled GIS tool 
for data handling, domain decomposition, optimal unstructured grid generation, and model 
parameterization. Atmospheric forcing for the watershed from 1979 to present uses the North 
American Land-Data Assimilation System (NLDAS-2). We have completed the first goal for this 
element of our research to assimilate the historical and modern measurement data to produce a 



complete 30 year hydroclimatic history for the site, with all important land surface and 
subsurface states simultaneously simulated in space and time. The future of environmental 
observing systems will certainly utilize embedded sensor networks with continuous real-time 
measurement of hydrologic, atmospheric, and ecological variables across diverse terrestrial 
environments. However, the value and contribution of historical data must also be assessed and 
preserved where it adds to our understanding of the terrestrial water cycle.  

 

Figure 1.  Typical workflow for PIHM within the Model-Data Integration Framework we are developing 
at Penn State. Other physical models and tools can be added as required (Phase 5 CBM would be done 
first under Activity#2).  Note that the data and model are accessible as a web service with online GIS and 
visualization tools. Versioning of simulations, scenarios and the models are handled through Git version 
control system (http://git-scm.com/) or similar.  A desktop interface is also available for modeling and 
GIS data handling locally using  open-source software (http://www.pihm.psu.edu/), which integrates with 
the web service for model input setup and local model execution.  

Reanalysis  1979-2011: Watershed reanalysis research is being carried out at the Susquehanna-
Shale Hills Critical Zone Observatory (CZO) in central PA to reprocess and assimilate 
observational data collected at various periods at Shale Hills over a 40+ year span, into a fully 
coupled integrated hydrologic model at the testbed. Early observations in the 1970’s consisted of 
a spatial array of 40 groundwater level sites measured daily, daily soil moisture records, and 15 
minute streamflow records. These data was used for empirical studies by forest hydrologists to 
resolve the role of antecedent moisture in runoff peak flows within a forest canopy. Over the last 
3 years the CZO effort has followed up the early experimental research by deploying a real-time 
and spatially distributed embedded sensor network (30 sites as of Dec 2010) of soil moisture, soil 
temperature, soil conductance, groundwater levels, -temperature, -conductance, matric potential, 
snow depth (15 minute sampling). Shale Hills has a 30m tower with eddy covariance, net 



radiation, IR surface temperature, and for precipitation a disdrometer, load cell gauge along with 
a network of tipping bucket rain gauges (10 minute data). Results of hydrologic reanalysis are 
shown in the figure below for the 2009 calibration period and for the watershed response of a 
series of storms at Shale Hills after Hurricane Isabel.  

 

Figure 3. Shale Hills Hydrologic Reanalysis for streamflow. Upper plot is the 2009 calibration, 
lower plot is the are simulations of rainfall-runoff after hurricane Isabel in 2003.  

Real-time hydrologic forecast system (now-cast): The future of hydrologic forecast system 
will utilize monitoring station networks with continuous real-time measurement of a branch of 
informatics, including hydrologic, atmospheric, and pedologic variables across diverse terrestrial 
water cycle. The research provides a framework to implement a physical-based integrated 
hydrologic model (Penn State Integrated Hydrologic Model) for real-time hydrologic forecast, 
and targets a feedback strategies gaining model improvement from forecasting results. Two 
research questions are being asked: 

1) How can we continuously improve the model simulation error and forecast efficiency?  

2) How should we optimize the monitoring station networks to improve performance of the 
real-time hydrologic forecast system?  



 

Forcing data and initial conditions are major inputs of hydrologic model. A real-time hydrologic 
monitoring network has been developed to support data observation. The preliminary Real-time 
Forecast Framework will incorporate a data monitoring system with a hydrologic modeling 

system. There are two modeling systems 
involved (one for forecast, one for real-time 
simulation) running independently. Both the 
systems keep checking if the forcing data is 
updated. Once forcing data is updated, the 
corresponding system will restart from the last 
stop of real-time simulation with the state 
variable of real-time simulation as initial 
condition, and move forward until the end of the 
updated forcing data. 

Forecast Results 

2009 data is used as a prototype, before we 
implement the actual weather forecast. 

The model started at 2009-1-1. Weather forecasting data came from the observation data with a 
slight random fluctuation in precipitation and temperature. We are adding to forcing data with 
one-day records every hour. The forcing data for forecast is three days longer than that of real-
time simulation, which represents the weather forecasting results. So we are doing one-day real-
time simulation and three-day forecast. A simple webpage of discharge rate shows system output 
in Figure 2. Real-time simulation starts one day ahead, and forecast model ends three days after. 

http://cataract.cee.psu.edu/rt/plot/webpages/index.html 



Age Modeling for Stable Isotopes: There is now a wide literature on the use of tracer age and 
transit time distributions to diagnose transport in environmental systems. Theories have been 
proposed using idealized tracer age modelling for ocean ventilation, atmospheric circulation, 
soil, stream and groundwater flow. Most approaches assume a steady flow regime and 
stationarity in the concentration (tracer) distribution function for age, although recent work 
shows that this is not a necessary assumption. In this paper (Duffy, 2010), dynamic model for 
flow, concentration, and age in volume-averaged and a spatially distributed watershed system are 
derived in terms of the moments of the underlying distribution function for tracer age, time, and 
position. Several theoretical and practical issues are found:  

(1) The low-order moments of the age distribution function are sufficient to construct a 
dynamical system for the mean age and concentration under steady or transient flow conditions.  

(2) Solutions to the coupled system of equations for flow, concentration and age show that ‘age’ 
of solutes stored within the watershed or leaving the watershed is a dynamic process which 
depends on flow variations as well as the solute or tracer dynamics.  

(3) Intermittency of wetting and drying cycles leads to an apparent increase in the tracer age in 
proportional to the duration of the ‘dry’ phase.  

(4) The question of how mobile/immobile flow may affect the age of solutes is examined by 
including a low permeable, passive store that relaxes the well-mixed assumption.  

(5). A spatially distributed advective and dispersive transport solution for age evolution over a 
simple 1-D hillslope is developed to demonstrate the age theory for a distributed source of water 
and tracer, and the solution is shown to have very similar input–output behaviour when 
compared to the volume-average model for comparable parameters.  

The SSHO_CZO stable isotope network is currently being used to evaluate the “age” and 
residence times of stable isotopes at Shale Hills as part of an integrated hydrodynamic model for 
water, solutes and sediments.   

For more information contact:  

Christopher Duffy (PI), 

Xuan Yu (Ph.D student), Gopal Bhatt (Ph.D student), Lorne Leonard (Ph.D student) 
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Hydrogeophysics: The 
hydrogeology group at the 
Shale Hills CZO has been 
exploring solute transport in 
the shale and shale-
produced soils. 

1) What is the importance 
of the interface between 
the shale bedrock and the 
regolith above with respect 
to flow within the 
watershed? Is the shale 
bedrock “impermeable”?  

2) How does dead-end 
pore space affect estimated 
ages of water at the site?  



3) How do the parameters controlling solute transport operate within the watershed?  

To answer these questions we have been coupling lab and field studies. We have drilled four 17-
m deep bedrock wells using a portable drill, and have completed a suite of borehole logging in 
these wells, including (1) spectral gamma, which measures gamma rays emitted by isotopes of 
the uranium decay series, the thorium decay series, and potassium-40; (2) caliper, which 
measures the borehole diameter to locate broken and fractured zone; (3) fluid resistivity, which 
measures the total dissolved solids in the water column (4) fluid temperature; (5) heat-pulse 
flowmeter, which indicates the rate and direction of vertical flow within a borehole; and (6) 
optical televiewer, which provides a continuous, oriented, true-color 360o image of the borehole 
wall. We additionally conducted slug and pump tests to estimate the effective transmissivity of 

subsurface at this site. We have also been conducting tracer 
tests at the field and lab scale.  

From the drilling and wireline logs, we can make the 
following conclusions: there is a “slow drilling” zone 
around 6-7 m below land surface, above which is highly 
weathered shale that is reddish in color, beneath which is 
largely unfractured blue-grey shale. The natural gamma 
data similar indicate a higher percentage of clays with 
depth than in the top 6 m that shows variability in shale 
bedrock density down to about 6 
m.  

In field-scale and lab-scale tracer 
tests, observed transport behavior 
appears inconsistent with the 
standard advective-dispersive 
model. We have collected and 

analyzed breakthrough curve (BTC) data to identify the parameters 
controlling transport. A series of undisturbed fully saturated soil cores 
were collected in a continuous hole extending across the soil profile 
vertically at one location to quantify how solute transport behavior 
changes with physical and chemical weathering. Additionally, we 
performed a field scale doublet tracer test to determine transport 
behavior within the weathered shale bedrock. Hydraulic conductivity 
and porosity are as low as 10-15 m/s and 0.035, respectively, in the 
shale bedrock and range as high as 10-5 m/s and 0.45, respectively, in 
the shallow soils. Bromide BTCs demonstrated significant anomalous 
tailing in soil cores and shale bedrock, which do not fit classical 
advection-dispersion processes. To quantify the behavior, numerical 
simulation of solute transport was carried out with both a mobile-
immobile (MIM) model and a continuous-time random walk (CTRW) 
approach. 1-D MIM modeling results on the soil cores yielded low 
mass transfer rates (< 1/d) coupled with large immobile domains and revealed that solutes were 
transported within only 30-40% of the total pore space. MIM modeling results also suggested 



that immobile porosity is a combination of soil texture, fracture spacing, and porosity 
development on shale fragments. Similarly, the field scale doublet tracer test between boreholes 
indicated fractures are controlling transport and the surrounding shale matrix has a large 
potential to store and retard solute movement. 1-D CTRW results yielded a parameter set 
indicative of a transport regime that is consistently non-Fickian across the vertical length of the 
soil profile, identified solute tracer velocities are up to 50 times greater than the average fluid 
velocity, predicted that anomalous transport behavior could extend for significant periods of 
time, and identified the need to incorporate a continuum of mass transfer rates to accurately 
predict and describe the observed tailing behavior. These modeling results confirmed the 
important role of preferential flow paths, fractures, and mass transfer between more- and less-
mobile fluid domains, and established the need to incorporate a mass transfer process that 

utilizes a distribution of mass transfer rates.  

 

  

Contact: Kamini Singha (PI) 
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Undergraduate Thesis Abstract (2011) 

Critical Zone Studies of Shale Weathering in Lares, Puerto Rico 

Lorena Vázquez Albelo, Department of Geology, University of Puerto Rico - Mayaguez; 
Advisor - Thomas E. Miller 

As part of the Critical Zone Exploration Network, the University of Puerto Rico at Mayagüez 
and Penn State University are in collaboration to collect and exchange data to be related to the 
Critical Zone studies. Textural analysis of two hand dug profiles along with field description has 
shown that soils above shales in Lares, Puerto Rico are Ultisols with udic moisture regime and 
excessive development that has an iso-hyperthermic temperature regime. Dominant soils for 
both, eastern U.S. and west PR are Ultisols. This investigation shows that shale weathering 
progresses similarly in different climates since soils above shales in Puerto Rico (tropical 
climate) and soils above shales on Eastern US (template climate) behave similarly in terms of 
geochemistry. In both places, eastern US and western PR soils have a very low percentage of 
soluble cations like CaO and K2O and shows accumulation of sesquioxides.  

  

  

  

  

  

  

  



 Geological Society of America (GSA) Abstracts 2010 

A Study of Physical and Chemical Weathering of the Marcellus Shale in Central 
Pennsylvania 

J. Paul, R. Mathur*, S.L. Brantley, and L. Jin 

CEKA and Dept. of Geology, Juniata College, Huntingdon, PA 16652 (*correspondence: 
mathur@juniata.edu) 

The Marcellus shale is well known as a natural gas play in the northeastern United States of 
America. A fracture density and geochemical study was conducted on Marcellus outcrops in 
central Pennsylvania to better understand physical and chemical weathering processes and 

relationships within the weathering 
profile of the Marcellus. 

For the fracture density study, fifty 
by fifty centimeter boxes were drawn 
on various outcrops with chalk. 
Columns of boxes starting from the 
bottom of the exposed outcrop to the 
bottom of the soil profile were 
produced to obtain a representative 
sample at the outcrop. Sketches were 
then constructed depicted all bedding 
partitions and joints within each 
individual box. A fracture density 
value was calculated by adding the 

lengths of all the bedding partitions and joints and divided by the area of the box (x /cm). The 
data shows interesting trends. Joint fracture density values remain constant in respect to depth at 
all outcrops studied, while bedding partition and total (joints and bedding partitions) fracture 
density values increase closer to the soil profile at all outcrops studied. 

To understand the chemical weathering process, lysimeters were installed to collect water from 
Marcellus regolith. Lysimeter “nests” located on the ridge top, mid slope, and valley floor of a 
hill and at depths ranging from 0 to 100 cm were used to quantify concentrations of major and 
trace elements in soil water. These concentrations are important to understanding the extent of 
weathering taking place at different depths and topographic locations on the same hill. 

  

 

 

 



Goldschmidt Conference Abstracts 2010 

Clay mineral weathering in shales and soils in the critical zone 

S. MACDONALD, R.H. APRIL* AND D.M. KELLER 

Geology Department, Colgate University, Hamilton, NY 13346 (*correspondence: 
rapril@colgate.edu) 

As part of the Shale Hills Critical Zone Observatory (SHCZO) research project, we studied the 
weathering characteristics of Clinton group (Silurian) shale and overlying soils in a research site 
in central New York State. This site is the northern-most of six SHCZO satellite sites making up 
a NS climate-transect that extends from New York to Puerto Rico. We were especially interested 
in the weathering characteristics of the clay minerals of these deposits, some of which tend to 
undergo mineralogical 
transformations via mixed-layer 
intermediates. X-ray diffraction 
analysis (XRD) of bulk shale 
samples reveals that the shale is 
composed of quartz, Fe-rich 
chlorite and illite (mica). Some 
shale beds contain calcite or 
dolomite, or both, and feldspar is 
present in minor amounts. 
Modelling with NEWMOD© [1] 
suggests that illite is the most 
abundant phyllosilicate in the <2µm 
clay-size fraction (~90%), with 
chlorite constituting the remainder. 
Both phyllosilicates are well 
crystallized. 

Soils at our study site contain 
abundant fragments of Clinton group shale. [Most soils in central New York have developed 
from glacial sediments (e.g. till and stratified drift) comprising aggregates of sand, silt, clay, and 
rock fragments derived from ice-scoured bedrock units. The mineralogy of the glacial debris is 
often heavily influenced by the mineralogy of the local bedrock.] XRD reveals that the bulk soil 
contains abundant quartz with lesser amounts of feldspar, mica and chlorite. The <2µm clay-size 
fraction contains illite, illite-vermiculite, chlorite (possibly chlorite-vermiculite) and vermiculite 
with hydroxy-aluminum interlayers. Kaolinite may be present in minor amounts. Modelling with 
NEWMOD© reveals that the proportions of soil clays change with depth in the soil profile. For 
example, illite consitutes 60% of the clay fraction in the 65-70 cm depth interval and decreases 
in abundance to about 45% in the 0-5 cm interval where near-surface weathering is more intense. 
Artificial weathering experiments with the shale show that the Fe-rich chlorite is more 
susceptible to decomposition in a weak acid solution than illite. Clays exfoliated (by 



sonification) from the surface of shale fragments collected from the soil were analyzed by XRD 
and show incipient weathering of clay minerals. 

[1] Moore & Reynolds (1997) X-Ray Diffraction and the Identification & Analysis of Clay 
Minerals, Oxford, p.378. 
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Shale Satellite Sites  

Ashlee Dere (Geoscience, Penn 
State) and her advisors, Tim 
White and Sue Brantley, are 
working to understand the 
influence of climate on rates of 
shale weathering and rates of soil 

formation by investigating a series of soils on shale from Wales 
to New York to Puerto Rico. Each of these "satellite sites" is 
run with a partner institution and many of these are primarily 
undergraduate-serving institutions. This work thus provides 
opportunities for faculty and students at other institutions to 
interact with scientists from Penn State. Students from each 
satellite institution spent two weeks this past summer (2010) at 
PSU learning about Shale Hills and the instrumentation used in 
the catchment. Those students were taught how to set-up and collect data from a weather station 
as well as how to describe soils and collect samples. Ashlee and Nicole West (Geoscience, Penn 
State) have visited almost all the sites to date, working with students and faculty at the 
corresponding institutions.  

Figures: above - Ashlee and Sarah Lemon (Colgate University) collect soil samples at 10 cm 
intervals; right - Nikki and Karen Lease (University of Tennessee) work to complete a 1m x 1m x 
1m soil pit. 

International Student Experience  



Lin Ma (Geoscience, Penn State) measured U disequilibrium isotopes on Shale Hills samples at 
the Univ of Strasbourg with Francois Chabaux. Beth Herndon (Geosciences, Penn State) learned 
to run mesocosm experiments at Univ of Sheffield. Jennifer Williams and Ashlee Dere 
(Geoscience, Penn State) visited Plynlimon, 
Wales, a shale site that will become part of our 
satellite sites. During their UK visit, Jennifer 
and Ashlee were hosted by the British 
Geological Survey, and encouraged to explore 
the records room and observe some of Charles 
Darwin's notebooks. 

George Holmes (MS CEE Dept. Penn State) 
participation in the International CZO 
Experience started in Vienna, Austria with two 
weeks visiting scientists at the IAEA 
(International Atomic Energy Agency). The 
first week was spent at a short course 
demonstrating how to operate a Los Gatos 
Research Liquid Water Stable Isotope Analyzer. The second week was spent working with Brent 
Newman on the GNIR (Global Network of Isotopes in Rivers) database. The database was made 
public this year and Brent is encouraging publishing papers using the data. He also spent time 
with Tomas Vitvar and Luis Araguas concerning the Shale Hills CZO. The next three weeks 
were spent in Zurich, Switzerland working with Manfred Staehli at WSL (Swiss Federal Institute 
for Forest, Snow and Landscape Research). While visiting, he was able to talk with many 
scientists about the Shale Hills CZO and discuss related projects like the BigLink Damma 
Glacial Forefield and the Cottbus Watershed in Germany. At WSL he gave a presentation that 
outlined all three CZO projects with focus on Shale Hills. He was able to visit the Damma 
Glacier Forefield and see the set up of the instrumentation and travel to the Rietholzbach 
research catchment. The final week was spent in Davos, Switzerland at the Goldschmidt 
Conference with many talks related to the Shale Hills CZO. 

Bryn Kimball (Geosciences, Penn State) visited Stockholm University, the Royal Institute of 
Technology (RIT) in Stockholm, Sweden and the University of Sheffield, UK to share and learn 
of recent research projects focused on mineral dissolution rates. Discussions of chalcopyrite 
dissolution rates and variability by orders of magnitude helped to further her understanding of 
rock dissolutions and what minerals likely contribute the most elemental release. A formal 
presentation of Bryn's chalcopyrite dissolution project was delivered to Dr. Malmstrom (RIT) 
and Dr. Wold (RIT). Additional mineral dissolution data was compiled from experiments 
conducted in laboratories (Dr. Sara Holmstrom) and field projects (Dr. Birgitta Kalinowski) in 
Stockholm and Sheffield (Dr. Steven Banwart). The minerals thus far include olivine, biotite, 
biogenic Mn-oxides, and Mn-substituted goethite, pyrite, illite, kaolinite, albite and quartz. 

 

 



 

Hydrology Field Camp 

A diverse group of students from Penn State and two 
historically black colleges (Jackson State University and Fort 
Valley State University) participated in a 3 week research 
experience at Penn State campus from Mid-May through early 
June. Students conducted tracer, slug and pump tests, collected 
ground penetrating radar and electrical resistivity data and 
learned to use wellbore logging tools such as the optical 
televiewer spectral gamma logs. They also analyzed and 
interpreted data, which included developing numerical models 
of water flow and solute transport using Comsol Multiphysics 
to extrapolate their field findings to other systems. The field 
portion of the class was conducted at the Shale Hills Critical 
Zone Observatory. Figure: Claudia Shuman (Penn State) and 
Tramond Baisden (Fort Valley State) introduce tracer into a 
stream at Leading Ridge. 

 
 
  

CZO Field School  

The Shale Hills CZO is a research and 
teaching platform open to the academic 
community that supports general 
environmental education especially as it 
relates to environmental information, 
modeling and earth systems infrastructure. 
The inaugural field school was offered May 
31 - June 9 and attracted 16 participants 
(undergraduate to post-doc) from 9 
countries. During the two week school, the 
junior scientists experienced field 
techniques, instrumentation set-up and 
deployment, as well as modeling and 
database utilization. The data and models 
generated at Shale Hills and the 
surrounding region are widely used in the classroom by CZO scientists and grad students as well 
as non-CZO researchers through the real-time capability. To date, several of the international 
participants have begun collaborative research projects initiated during the school. 

 



PIHM Workshop  

As part of our Critical Zone cross-site activities, the Shale Hills CZO helo a workshop August 2-
4, 2010 titled: Multiscale Modeling Using the Penn State Integrated Hydrologic Modeling 
System (PIHM). PIHM is multi-process, multi-scale hydrologic modeling tool, where the 
physical processes are fully coupled using the semi-discrete finite volume method 
(http://www.pihm.psu.edu). This workshop provided hands-on experience in using PIHM for 
modeling watershed dynamics. Participants learned to use a customized GIS interface to PIHM 
(called PIHMgis) for i) automated ingestion of model parameters from national databases, ii) 
conditional domain decomposition of the model domain, iii) performed multistate simulations 
and calibration and iv) visualized model results. A goal of the workshop was to stimulate cross-
site CZO modeling activities. 

The Departments of Anthropology and Civil and Environmental Engineering hosted Jaime J. 
Carrera-Hernández, PhD, Professor of Applied Geosciences at Instituto Potosino de 
Investigación Científica y Tecnológica (IPICyT) in San Luis Potosí, México on August 4, 2010. 
Dr. Carrera's nterests are in the analysis of the impact that human activities have on the 
hydrological cycle and on the development of tools to analyze water management policies. He is 
also interested in the use of remotely sensed imagery for the development of physically-based, 
distributed hydrogeological modeling along with the use of Relational Databases for the efficient 
development of these models, as exemplified in the Basin of Mexico Hydrogeological Database 
(BMHDB). Carrera has applied some of these tools to estimate potential aquifer recharge in the 
Basin of Mexico and to analyze the impact that urban growth has had on aquifer recharge. 

 

STEM Field School  

The State College Area School District, 
SCASD, has formed a summer STEM 
Academy, a new initiative that uses field and 
experiential instructional techniques to engage 
our students in STEM areas. The goal of this 
Academy was to improve the middle school to 
high school transition by engaging students 
early in their high school career with academic 
experiences of the highest caliber. Incoming 
first year high school students along with pre-
service and master teachers learned how to 
measure and monitor soil moisture, collect GPS 

data, install a weather station, and observe the hydrologic cycle through rain and groundwater 
simulation systems. Data collected from school premises will be compared to data streaming 
from the catchment to develop STEM curriculum modules, thus engaging students in relevant, 
project-based collaborative research. 

 



REU 2008-2010  

2010 - Two ecology REU's, Shelley Pickett and John 
Govannicci, studied the spatial and temporal dynamics 
of vegetation structure in relation to hydrology. Initial 
measurements of spatial data from the beginning of the 
growing season (April, 2010) for leaf area index (LAI), 
canopy closure, and tree height were collected. The 
students worked with Dr. Eissenstat and Katie Gaines 
(PhD student) and developed a model code to predict 
spatial processes. Based on the spatial map of LAI we 
selected regions of low, intermediate and high LAI to 
study the inter- and intra-specific differences in 
maximum light use efficiency (REU Project: John - 
figure right) and leaf structure (REU Project: Shelly - 
figure left) of plants living in different light 
environments. 

One additional REU, Gabrielle Dernier (REU - Hydrology) from Rose Hulman College carried 
out hydraulic tests on 20 wells at Shale Hills and compiled a report showing the mean 
distribution of hydraulic conductivity with depth for the watershed. This work is critical to 
modeling study. 

 

2009 - Nick Kaiser's summer REU project focused on the measurement of soil respiration in the 
Shale Hills catchment. He was mentored by Dr. Jason Kaye, Dr. Lixin Jin (postdoc), and 
Danielle Andrews (graduate student). Over the summer, Nick tested hypotheses regarding 

relationships among soil CO2 
concentrations, soil respiration, and 
soil microclimate. He made weekly 
trips to the field site where he used soil 
access tubes to sample soil gas from 
multiple depths. At the same locations 
he measured soil moisture using at 
TDR probe, and surface soil 
respiration using a portable infrared 
gas analyzer and soil cover (a chamber 
used to capture CO2 diffusing out of 
the soil). Using Fick's law of diffusion 
he predicted soil CO2 flux throughout 
the profile and compared these values 
to soil moisture, soil temperature, and 
surface soil flux measured with the soil 
cover. His work has led to important 
insights on the role of soil water in 



controlling gas diffusion, and has inspired the possible use of simple gas access syringes for 
cheap, highly replicated measurements of soil respiration. At the end of the summer, Nick 
attended the Ecological Society of America meeting in Albuquerque where he was exposed to a 
wide array of carbon cycling talks that provide context for his work at Shale Hills. Nick was a 
student at Gannon University in northwestern PA where he double-majored in math and 
chemistry. 

Three additional students, Kristen Jurinko, Jose Morales, and Shaquandra Wilson engaged in 
projects ranging from the quantitative relationships between soil moisture, geology, tree 
distribution, and topography to metal concentrations in leaf vegetation to developing new 
membranes for use in root boxes to image enzyme production around roots. 

 

2008 - Susquehanna Shale Hills, a forested, temperate-climate catchment in central 
Pennsylvania, has been designated a Critical Zone Observatory. Through analysis of hydrologic, 
geochemical, geomorphologic, and biological processes at Shale Hills, our goal is to understand 
how natural processes interact and shape this site. However, until recently, the biological 
characteristics of Shale Hills had not 
been adequately considered.  

Therefore, the goal of this study was to 
take initial steps in characterizing the 
microbial community of Shale Hills. 
John Fleming, an REU student at PSU 
in the summer of 2008, collected soil 
samples from various depths at a valley 
floor location at Shale Hills. Through 
selective culturing, chemical and 
biological analyses, the presence of 
iron-related bacteria (iron reducers and 
oxidizers), sulfate-reducing bacteria, 
and various aerobic heterotrophic 
bacteria were indicated throughout the 
depth profile. 

Two additional students, Melissa M. Melendez-Oyola (University of Puerto Rico, Rio Piedras 
Campus - Environmental Science) and Colin Duffy (Pennsylvania College of Technology, 
Electronics, and Computer Engineering Technology) learned research techniques through the 
Horticulture Department and Civil and Environmental Engineering Department, respectively.  
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February 22, 2011 - The passing of Kelly Cherrey has touched the SSHCZO community  

It is with sadness yet great appreciation we pay tribute to one of our own, Kelly Cherrey. 
Cherrey worked tirelessly to build the communication and backbone physical structure at the 
Shale Hills watershed. He made things work and work well, which is an art unto itself. Through 
his work, the CZO team gained reliability in data and communication that we are using and 
building on today. We are grateful for all of the hard work Kelly contributed mostly on his own 
and to our benefit, for which we say - Thank you. You left this Earth much too soon and it 
enlightens all of us of how very precious every life is. For words most fitting by Alfred Lord 
Tennyson.......click here.  

December 20, 2010 - Environmental DNA from SSHCZO soil to be analyzed in 
international study  

The DNA Sequencing Research Group (DSRG) of the Association of Biomolecular Resource 
Facilities (ABRF), an international group of scientists from 140 core laboratories, is conducting a 
comparison of high-throughput parallel sequencing technologies on selected environmental DNA 
samples. On the recommendation of Mary Ann Bruns, PSU Associate Professor of Crop and Soil 
Sciences, soil DNA from the SSHCZO (Rushtown series, A/A2 horizons) will be included in the 
study. According to Bruns, the wealth of soil biogeochemical data collected at the CZO site adds 
value to the "metagenome" information obtained by DSRG. Provision of key soils information is 
consistent with the mission of the Genomics Standards Consortium for international DNA 
sequence databases. The Bruns lab will obtain DNA using two different soil extraction methods. 
Deb Grove, Director of the Huck Institutes of Life Sciences Genomics Core Facility at Penn 
State, will be involved in high-throughput sequencing of two "pools" of environmental DNA-
small subunit ribosomal RNA genes and shotgun metagenome fragments. Results will be 
presented at 2011 ABRF meeting Feb 19 in San Antonio, TX. 

December 13, 2010 - Paper highlights manganese contamination in soils  

Elizabeth Herndon, PhD candidate in Geosciences, and co-authors have determined that iron 
furnaces in operation during the 1700s and 1800s may have left toxic levels of manganese in 
Pennsylvania soils. Researchers identified the manganese enrichment after sampling various sites 
within the Susquehanna Shale Hills CZO. By examining soil chemistry from around the world, 
the team concluded the increased manganese levels were the result of industrialization. For the 
full story, visit: Penn State Live - SciTech or NSF News. 

November 11, 2010 - Best Paper Award for 2010 SSSA Forest, Range and Wildland Soils 
Session  

Danielle Andrews, PhD candidate in Crop and Soil Science, was recognized for her research 
accomplishments at this year's Soil Science Society of America annual meeting in Long Beach, 
CA. Her paper entitled "The Carbon Story at the Shale Hills Critical Zone Observatory" was 
selected as the best paper in Session 328: Soil Carbon Dynamics. Her accomplishment will be 



rewarded with a certificate from the Soil Science Society of America in the S7 Business Meeting 
at next years SSSA Meeting in San Antonio, TX. 

October 25, 2010 - Shale Hills CZO featured article in Research|PennState  

Members of the University Research Magazine Association and the National Association of 
Science Writers focused a September article on the Critical Zone, specifically Shale Hills. 
Weekly features, designed to inform and inspire the University community, highlight current 
research by telling the story. Interviews with Dr. Chris Duffy and Dr. Susan Brantley shed light 
on the various research questions posed by different disciplines and how the watershed has 
sparked interest from other Penn State researchers. For the complete article, visit Research|Penn 
State or download the pdf Critical Zone.  

October 8, 2010 - CZO hosts students and faculty from University of Pittsburgh  

The Pitt Chapter of IAHR, the International Association of Hydro-Environment Engineering and 
Research, spent a day in the catchment visiting with Professor Christopher J. Duffy, Civil and 
Environmental Engineering, about ongoing research projects, instrumentation and technology. 
This student group has specific interests in research with engineering applications. Although the 
engineers focus is primarily water resources and sediment transport, forward progress suggests 
the interactions of river and coastal hydraulics, risk analysis, energy, environment, disaster 
prevention, and industrial processes must be taken into consideration when addressing future 
societal needs. Students are seeking to expand their knowledge base through interactions from 
neighboring disciplines, with Shale Hills an ideal laboratory for collaborative projects.  

August 10, 2010 - State College Area School District teams with PSU for STEM studies  

The SCASD has formed a summer STEM Academy, a new initiative that uses field and 
experiential instructional techniques to engage our students in STEM areas. The goal of this 
Academy is to improve the middle school to high school transition by engaging students early in 
their high school career with academic experiences of the highest caliber. Incoming first year 
high school students along with pre-service and master teachers will learn how to measure and 
monitor soil moisture, collect GPS data, install a weather station, and observe the hydrologic 
cycle through rain and groundwater simulation systems. Data collected from school premises 
will be compared to data streaming from the catchment to develop STEM curriculum modules, 
thus engaging students in relevant, project-based collaborative research. 

August 9, 2010 - PI’s from CZO organizing AGU session on hydrologic processes  

As scientists from all over the world converge in San Francisco, CA this fall for the annual 
meeting of the American Geophysical Union, PI’s from Penn State (Chris Graham, Kevin 
Dressler, and Chris Duffy) will convene a hydrology session “The Role of Isotope Networks in 
Environmental Observatories.” This session is envisioned as bringing together researchers who 
are using stable isotope measurements (water, carbon and other isotopes) in the fields of surface 
hydrology, ecohydrology, tree physiology and groundwater hydrology. It is of special interest to 
anyone who is working at some of the hydrological observatory networks (such as CZO, LTER, 



NEON etc…). Abstracts for presentations are now being accepted on topics ranging from 
determining flow patterns and flow rates to the design and implementation of isotope networks. 
Additional session details can be found at 2010 AGU Fall Meeting. Search for session H84. 

August 2, 2010 - Sanders Seminar Series hosts Jaime J. Carrera-Hernández, PhD  

The Departments of Anthropology and Civil and Environmental Engineering will host Jaime J. 
Carrera-Hernández, PhD, Professor of Applied Geosciences at Instituto Potosino de 
Investigación Científica y Tecnológica (IPICyT) in San Luis Potosí, México on August 4, 2010. 
Dr. Carrera is interested in the analysis of the impact that human activities have on the 
hydrological cycle and on the development of tools to analyze water management policies. He is 
also interested in the use of remotely sensed imagery for the development of physically-based, 
distributed hydrogeological modeling along with the use of Relational Databases for the efficient 
development of these models, as exemplified in the Basin of Mexico Hydrogeological Database 
(BMHDB). Carrera has applied some of these tools to estimate potential aquifer recharge in the 
Basin of Mexico and to analyze the impact that urban growth has had on aquifer recharge.  

July 26, 2010 - Airborne LiDAR survey completed for Susquehanna Watershed  

Last week, NCALM, NSF’s National Center for Airborne Laser Mapping completed an airborne 
laser mapping flight over the Susquehanna/Shale Hills Critical Zone Observatory. The area 
flown was ~200 km2 for the purpose of a leaf-on survey of the Shaver Creek watershed which 
includes the Shale Hills catchment. The goal of the survey is to identify tree species distribution, 
leaf area and abundance over the watershed. Extensive ground-based validation sites were 
surveyed during the campaign in conjunction with LiDAR survey. This most recent fly-over will 
provide high-resolution imagery at the 0.5 m scale. Data collected from this flight will be 
available for use in conjunction with maps of the regional geology, soils, instrumentation site 
surveys and PASDA (the Pennsylvania Spatial Data Access). An interactive version is currently 
under development with accessibility from this website in the future.  

June 29, 2010 - Multiscale Modeling Workshop will be hosted by Shale Hills CZO  

As part of our Critical Zone cross-site activities, the Shale Hills CZO will be holding a workshop 
August 2-4, 2010 titled: Multiscale Modeling Using the Penn State Integrated Hydrologic 
Modeling System (PIHM). PIHM is multi-process, multi-scale hydrologic modeling tool, where 
the physical processes are fully coupled using the semi-discrete finite volume method 
(http://www.pihm.psu.edu). This workshop will provide hands-on experience in using PIHM for 
modeling watershed dynamics. Participants will learn to use a customized GIS interface to PIHM 
(called PIHMgis) for i) automated ingestion of model parameters from national databases, ii) 
conditional domain decomposition of the model domain, iii) performing multistate simulations 
and calibration and iv) visualization of model results. A goal of the workshop is to stimulate 
cross-site CZO modeling activities.  

June 1, 2010 – 1st CZO Field School Brings 16 Participants from 14 Institutions across 9 
Countries  



The first week of a two week field school opened on Monday with 16 participants, including 
both undergraduates and graduates/post-docs. Field school attendees will experience a range of 
activities such as: discussions of Critical Zone science, SSHO and CZO modeling, laboratory 
tours, regional geology, field instrumentation and GIS applications. Each of the disciplines with 
active projects in the catchment will provide hands-on activities to introduce and train the junior 
scientists. The overarching goal of the school is to develop a new international interdisciplinary 
cadre of Critical Zone scientists.  

May 25, 2010 - Collaborations with outside institutions to begin Spring 2011  

Princeton scientists, Dr. Francois Morel and Dr. Anne Kraepiel, will collaborate at Shale Hills to 
advance our understanding of nitrogen fixation in the laboratory and the catchment. The fertility 
of ecosystems is often limited by the amount and availability of nitrogen. PI’s will investigate 
how aerobic soil bacteria acquire metals and how the kinetics of that reaction limit N2 fixation in 
terrestrial systems.  

April 16, 2010 - Hydrogeophysics Field Camp Returns for 2nd year  

This summer, nine undergraduate students will be taking Geosc 397A: The Hydrogeophysics 
Field Experience with Dr. Kamini Singha from May 17 to June 4. Four students will be from 
Penn State, two from Jackson State University in MS and three from Fort Valley State University 
in GA. These students will combine field experimentation, data analysis, and numerical 
modeling with in-class instruction during the three-week program to develop and test hypotheses 
regarding the processes controlling solute transport. The Shale Hills Critical Zone Observatory 
near Shaver's Creek Environmental Center is the “home base” for this field camp due to its 
proximity to the Penn State campus and its facilities. 

Environmental consultants, government employees, and researchers from small companies will 
be coming through the field camp to demonstrate hydrogeophysical field equipment and 
highlight jobs in environmental fields. The students will learn basics of pumping tests, tracer 
tests, and slug tests as well as have exposure to geophysical techniques such as electrical 
resistivity, wireline logging, and ground-penetrating radar. Any students, staff, or faculty, 
interested in hydrology or environmental science are welcome to attend field demonstrations if 
they are interested; please contact Kamini Singha at kxs55@psu.edu. 

April 1, 2010 - Terrestrial LIDAR Comes to the Catchment 

PI’s Eric Kirby and Rudy Slingerland and PhD student, Nicole West, hosted A.J. Herrs 
(University of Kansas) from March 21st – 23rd to conduct high-resolution imaging of micro-
topography along hillslopes within the Shale Hills CZO catchment. Herrs used a terrestrial, 
tripod-mounted LiDAR (Light Detection and Ranging) to scan the topography of the catchment 
from multiple points; geodetically referenced prisms and reflectors were used to tie multiple 
scans into a single image. Measurements from the ground-based LiDAR are collected at much 
finer resolution (decimeter scale) than airborne LiDAR (approximately 1.5 meter). This 
resolution will enable the researchers to characterize pit-and-mound topography characteristic of 
soil mixing by tree-throw.  
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