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In this paper: 

•  Present a theory for “age” and “residence 
time” of mobile-immobile water flow in 
soils and regolith 

 

•  Describe a 5 year experiment for 
water isotopes at Shale Hills CZO  

 

•  Compare theory and experiment to 
test for the existence of macropore-
matrix flow at Shale Hills 

“The Catchment Isoscape” 
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Model highlight

XBeach Applied to Coral Reef
XBeach is a coastal morpho-dynamics
model that predicts sediment
transport and morphology under the
influence of wave dynamics. Xbeach is
designed to model coastal changes
under the influence of storms and
hurricanes and helps assess coastal
protection measures. Dr. van
Dongeren, one of the core model
developers, successfully applied

XBeach to investigate longwave dynamics at a remote fringing coral
reef in West-Australia. The simulations showed that on the reef
platform 50% of the bed shear stresses originates from infragravity
waves. More...
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Science in the spotlight

River Drainage Patterns Reveal
Tectonic Deformation
Landscape evolution modeling
suggests that river drainage patterns
along the New Zealand Alps reflect
ongoing shear and rotation.
Experiments show that rivers along
the steep and rainy westflank of the
New Zealand Alps rapidly erode and
self-organize to remain
perpendicularly oriented to the

mountain range axis. In contrast, longer rivers along the eastflank
tend to passively rotate with the shearing. If drainage patterns
indeed ‘fingerprint’ the crustal strain, modeling could help to identify
seismic hazard zones. More...

Nominate a science spotlight

CSDMS stats

Domain Contribution

Terrestrial 2013 January 4: LandLab

Coastal 2013 January 4: LandLab

Marine 2013 January 4: LandLab
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Shale Hills Observations & Experiments  
to Support  

Earth System Models & Prediction 
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CZO Isotope Network 
Predicting the Age of Water at the Watershed Scale 
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Instrumentation for Iso.Net 



Stable Isotope Experiment 2008-20012 

δ 2H −δ 18O  
Precipitation 
 

Tree Xylem Water 

Stream 
 

Groundwater 
 

Soil Moisture 
 

> 6000 Samples 

LMWL 

Holmes, Thomas, Gaines, Jin, Andrews, Lin, Duffy 

Shale Hills  Isotope Network 
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Soil Moisture – Xylem Water Experiment 

δ 2H −δ 18O  
Tree Xylem Water 

Tightly bound soil water 
 

Soil Moisture 
 LMWL 

Katie Gaines, Dave Eissenstat  

Shale Hills  Isotope Network 
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Soil Moisture 

Groundwater 

Streamflow 

δ 2H   

δ 2H   

δ 2H   



δ 2H   

A Single Dominant Period: 360 < T < 370 days 

Precipitation Streamflow 

Soil Moisture Groundwater 

Catchment         Signature From Time Series  



Precipitation 

Seasonal Variability over the Soil Profile 

Precipitation 

Data is fitted to a  
Meta-Model that 
Approximates 
Seasonal variability 
Over the profile 

δ 2H   δ 18O  

Seasonal Cycle Attenuates over Profile 



The Catchment Isoscape & The Age of Water 

The term “isoscape ” was coined by ecologists to 
describe the spatial and temporal patterns of 
isotope ratios over a landscape (Bowen, 2010 )  

The goal is to develop a meta-model for space-
time isotopic patterns over the catchment as a 
step towards predicting: 

In this paper we explore an “isoscape” for  
water isotopes of                     in soil and regolith δ 2H −δ 18O  

 “The Distributed Age and Residence Time  of 
Water Isotopes at the Shale Hills CZO” 



Properties of the Age Distribution  
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A Model for Age Distribution 

Rotenberg 1972, J, of Theoretical Biology, 37, 291-305  
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Transport Model in Terms of Moments 

+ 

+ 

Source terms for the nth moment 

Transport operator for the nth moment Coupling Moment 



A Theory for Concentration-Age 
For Mobile-Immobile Transport  

Over the Soil Profile 
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Simulated Seasonal Input Ci 
(scaled) 



Simulated Profile Ci  
    mobile               immobile 



phase lag 

Simulated Isotope Ratio  



Simulated Age of  

Age Separation ~ k-1  
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Modeling the Catchment Isoscape for Shale Hills 
G. Bhatt 2012 



Penn State Integrated Hydrologic Model (PIHM) 

M. Kumar, G. Bhatt, Duffy 2009, Y. Shi 

Land  
Surface  
Model  



Semi-Discrete Approach: PIHM 



Distributed IsotopeTransport (Bhatt, 2012) 

Transport Equation  

Semi-Discrete Form 

Horizontal Advection           Vertical Flux         Dispersive Flux           



CZO Data ->lidar, Soil, Regolith,Veg 



Simulated Average Age of Groundwater + Soil Water 
At Shale Hills CZO  

G. Bhatt, PhD 2012  



Random Input Ci and Qi 

Simulated Age PDF for Mobile and Immobile Water 
 

  

Mean Age 



Relative Frequency Groundwater Age  
& Runoff Residence Time 

Evan Thomas	



G. Bhatt, PhD 2012  



1979-2010 Reanalysis Forcing &  
 Dynamic Residence Time of Runoff  

G. Bhatt, PhD 2012  



Kei Yoshimura,  University of Tokyo, Japan 
(Yoshimura et al., 2010)  

Atmospheric Modeling of Stable 
Isotopes         in Precipitation 

A new research product 
IsoRSM experiment over northeast US 
 
10km Simulation covering 85.5W-71.3W/35.5N-46.2N 
 
Boundary Conditions: IsoGSM simulation based on 
NOAA Climate Reanalysis 
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δ 18O 



10 km res. δ 18O in precipitation
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Validation of IsoRSM Stable Isotopes in 
Precipitation with Shale Hills CZO Data 

Evan Thomas, MS Penn State 



Conclusions:  

The “Mean Age” of waters can be simulated directly using 
transport theory and stable isotopes 
 
 The particular form of the age- or transit-time distribution 
function is not necessary in this theory.  
  
Mobile-Immobile storage attenuates the seasonal amplitude 
through lateral diffusive exchange, increasing the relative 
age of infiltrating waters   
  
Vegetation using immobile water is not detached from the 
mobile phase but rather exchange occurs  by capillary 
diffusion 
 
 
 
The isoscape is a powerful concept for assessing space-time 
patterns of age and residence time at the catchment scale   

Thank You  
 


