
CZO All Hands Meeting 

Mt Lemmon ‐ Santa Catalina Mountains Field Trip 

May 10, 2011,  7:30 am ‐ 6:30 pm 
Stops at: Soldier Canyon, Mount Bigalow Flux Tower, Marshall Gulch ZOB 

Pick‐up your lunch bag at breakfast!! 

 
This work is supported by the National Science Foundation's Critical Zone Observatory Program project entitled 
Transformative Behavior of Water, Energy and Carbon in the Critical Zone: An Observatory to Quantify 

Linkages among Ecohydrology, Biogeochemistry, and Landscape Evolution”, grant EAR‐0724958.  Additional 
support has also been provided by the Philecology Assocation of Fort Worth Texas, the University of Arizona Water 
Sustainability Program, SAHRA, and USDA Agricultural Research Service. 

Soldier 
Canyon 



Directions to United States Government: Mount Lemmon Post Office
12984 N Sabino Canyon Rd, AZ 85619-9997 - (520) 576-1427
69.3 mi – about 2 hours 2 mins

Biosphere 2 Landing Field to United States Government: Mount Lemmon ... http://maps.google.com/maps?f=d&source=s_d&saddr=Biosphere+2,+Tu...

1 of 5 4/6/2011 12:54 PM



NSF Workshop:  Towards a Unifying Theory of Critical Zone Structure, Function and Evolution 

 

 
National Critical Zone Observatories Program 

All Hands Meeting Field Trip - Tuesday, May 10, 2011 
Biosphere 2 - Mt. Lemmon 

 
Field Trip Schedule 
 
 
Tour of Santa Catalina Mountains CZO 
 
6:45 Quick Breakfast 
 
7:30 Buses depart from Biosphere 2 
 
8:30 Rest stop at Tanque Verde & Catalina Highway (30 min) 
 9:00 depart 
 
9:20 Geomorphic & Ecologic overview - Soldier Canyon pull-off (60 +25 min) 
 10:45 depart 
 
-- Lunch on the bus or after first stop 
  

Bus A Bus B 
11:30  Mt. Bigelow eddy covariance tower 
           (120 min on site) 1:30 depart 

11:45  Marshall Gulch catchment experiments 
           (120 min on site) 1:45 depart 

Bus - wait at Summerhaven for other bus 
 

 

2:00  Marshall Gulch catchment experiments 
         (120 min on site) 4:00 depart 

2:10  Mt. Bigelow eddy covariance tower 
         (120 min on site) 4:10 depart 

 
6:30 Arrive at Biosphere 2 
 
7:00 Dinner 
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Santa Catalina Mountains CZO: 

Soldier Canyon ‐ Tucson Basin 

Field Trip Overlook 



Background:

Mountain Block Recharge

Overarching Science Questions:Background:
Mountain block recharge (MBR) in snow-covered mountains
in the semi-arid SW of the US is one of the dominant processes
that provide basin aquifer water resources to municipalities and
industries. It is important to understand how this resource is
likely to change in a warming climate with associated
vegetation shifts.

Thi t d bi h d l i h i l d i t i t

Overarching Science Questions:
VWhat are the various water sources, flowpaths and transit 
times to stream flow in mountain catchments, and how do they 
vary in space and time?  How are these water sources linked to 
basin aquifer recharge?

1. Santa Catalina Mountains Study, AZ - cont’d
This study combines hydrologic, chemical and isotopic tracers
to determine how incoming snowmelt and rainfall is partitioned
between evapotranspiration, shallow subsurface runoff and
deep percolation to basin aquifers, and what are the associated
transit times along these different flowpaths.

Quantification of water balances in complex mountain systems,
such as the Jemez and Santa Catalina Mountains, will lead to
improved conceptual and mathematical models of MBR Such

Sabino Creek Catchment
Santa Catalina Mountains CZO

improved conceptual and mathematical models of MBR. Such
improved models will be extremely useful in order to predict
the direction of change to the water balance under different
climate scenarios.

1. Santa Catalina Mountains Study, AZ

Santa Catalina Mountain (SCM) Catchments:
•Marshall Gulch (1.5km2 drainage area) and Upper Sabino 
(8.8km2) catchments are the headwaters for Sabino Creek 
(91km2).
•Elevation ranges from 830m (base) to 2780m (Mt. 
Lemmon).

l i i i i (b ) d

Conceptual Model of MBR:
•High elevation catchments (Marshall Gulch and Upper 
Sabino Creek), with thicker soils, higher precipitation, and 
lower temperatures are the major contributor to MBR•Average annual precipitation is ~300mm (base), and 

increases to 690-940mm (top).
•Approx. 50% precipitation from summer monsoons (high 
intensity, short duration storms), and 50% precipitation from 
winter rains (low intensity, long duration frontal storms, snow 
at high elev).  These wet periods are separated by prolonged 
dry periods.

lower temperatures are the major contributor to MBR.  
•During wet seasons soil water infiltration at high elevations 
contributes to deep aquifer and fractured bedrock storage.  
This storage sustains flow in Marshall Gulch, Upper Sabino 
and Sabino Creek during dry periods. 
•At lower elevations (Sabino Creek), steep terrain with thin 
soils on side slopes promotes rapid surface runoff, especially 
during the monsoon season.  Surface runoff may infiltrate into 

Winter Summer

Conceptual Model of MBR in SCM-CZO
permeable stream channel sediments and alluvial aquifers 
contributing to Mountain Front Recharge.



Storage-Discharge Relations to estimate MBR rates:
•MBR rates quantified by estimating storage changes caused 
by precipitation seasonality in the deep aquifers in fractured 
bedrock.
•Seasonal changes in catchment storage dynamics investigated 
by recession flow analysis - calculating differences in base 
l i d h i i i

Isotopic Composition of Endmember Source 
Waters Contributing to Stream Flow

flow prior to and after the precipitation season.
•Storage-discharge relations calculated at multiple scales.
•Average post-precipitation season stream flows are larger in 
winter versus summer for Upper Sabino and Sabino Creek 
(2007-2008).  
•Marshall Gulch average post-precipitation season stream flow 
slightly higher in summer because of strong 2007 monsoons.
•50-72% of MBR in Sabino catchment originates from upper

Isotopic evidence supports conceptual model of 
MBR:

50 72% of MBR in Sabino catchment originates from upper 
elevations.  Rest of recharge occurs in lower portions of 
watershed likely due to direct infiltration into alluvial riparian 
aquifer and bank storage processes.

Quantification of Mountain Block Recharge (MBR)

•Most spring water samples in the SCM are younger than 50 
years, suggesting short transit times through a relatively 
permeable bedrock aquifer, and have isotopic signatures of 
winter precipitation recharge with no evidence of evaporation.
•Base flow in Marshall Gulch and Upper Sabino Creek is 
dominated by winter precipitation stored in fractured bedrock.
•Lower elevation, Sabino Creek, base flow indicates a 
mixture of summer precipitation (rainfall runoff and bank Contact. For collaboration or more information contact:mixture of summer precipitation (rainfall runoff and bank 
storage) and high elevation winter precipitation (deep circu.).
•Mountain front groundwater is dominated by winter 
precipitation (deep circulation), in addition to shallow 
recharge through mountain streams.
•Tucson basin groundwater is dominated by winter 
precipitation recharge (high elevation MBR + low elevation 
recharge through local washes).

Xavier Zapata-Rios, xavierzapata@email.arizona.edu
Jennifer McIntosh, mcintosh@hwr.arizona.edu
Peter Troch, patroch@hwr.arizona.edu
Tom Meixner, tmeixner@hwr.arizona.edu
Paul Brooks (brooks@hwr.arizona.edu)
JRB-SCM CZO website: http://www.czo.arizona.edu/
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Upper Jemez River Basin (JRB) in the Valles
Caldera National Preserve (VCNP).
•The VCNP encompasses approx a 22 km wide nearly 
circular

2. Redondo Peak Catchments, Jemez Mountains Study, NM

Catchments draining Redondo Peak in the Valles 
Caldera National Preserve (VCNP), NM.

JARAMILLO

HISTORY 
GROVEREDONDO

N
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JARAMILLO

circular
caldera in the middle of the Jemez Mountains.  Redondo Peak 
is located in the center of the caldera with an elevation of 
3432 m.
•Several streams drain Redondo Peak: La Jara (3.7 km2 ) 
History Grove (2.4 km2) Jaramillo (26.6 km2) Upper 
Jaramillo (3.1 km2)  Redondo (13.4 km2) Upper Redondo (0.8 
km2), and Redondo Meadow (1.1 km2).

VALLES CALDERA
NATIONAL PRESERVE

LA JARA
REDONDO
MEADOW

•Elevation ranges from 2300m (base) to 3432m (Redondo 
Peak).
•Average annual precipitation is less than 800mm per year.
•Approx. 65% of annual precipitation falls as snow between 
October and April.  35% falls as rainfall especially during the 
monsoon between July and August. Flume locations shown in red squares.



Conceptual model of MBR in the Jemez River Basin 
•The sub-surface layers in the upper elevations of Redondo 
Peak are highly permeable; it can be assumed that the 
presence and absence of channel streamflow is closely 
coupled with the position of the water table.
•During the late summer the water table is close to the

Preliminary Results on MBR in Jemez River Basin:
•Streams around Redondo Peak have stable isotope values 
within the range of local snowmelt, rainfall, and groundwater, 
plotting along the local meteoric water line (LMWL).
•Isotopic composition of endmember waters are combined with 
other chemical tracers (e.g. Cl, SO4, DOC) to quantify variousDuring the late summer the water table is close to the 

surface as a consequence of monsoon precipitation. 
•During the winter as snow accumulates there is limited to 
no water input to the water table and the water table drops.  
•During the snowmelt season water infiltrates and the water 
table rises.  
•During the summer evapotranspiration and plant uptake 
tend to draw down the water table in Redondo Peak ( Lyon 

l 2008)

other chemical tracers (e.g. Cl, SO4, DOC) to quantify various 
source water contributions and flowpaths to stream flow.
•Little variation in the stable isotope composition of stream 
water throughout the year, within the range of groundwater 
values, suggests groundwater inputs dominant stream 
discharge.
•Catchments, such as La Jara and History Grove have similar 
physical characteristics (e.g. areas, elevations, slopes and 

) h diff h d l i d

Late Summer Winter‐Snow Cover

et al., 2008). aspects), yet have different hydrologic responses and source 
water contributions (see discharge and isotope plots below).  
We hypothesize these differences between catchments are 
related to differences in effective energy and mass transfer 
(EEMT).

Conceptual Model of MBR and sources of 
stream discharge in Redondo Peak, 

Jemez River Basin, NM

Isotopic Composition of Stream Waters 
Compared to Snowmelt Groundwater and

Rainfall

81‰

‐58‰

‐36‰

‐4.7‰‐8.7‰
2007

2008

2009‐2010

Compared to Snowmelt, Groundwater and 
Precipitation Inputs

Snowmelt

‐81‰

‐109‰

‐15.3‰
‐11.9 ‰

Snowmelt Beginning summer

Research Approach and Methods:
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To constrain the source, timing and flowpaths of water to 
stream flow and basin aquifers (via MBR), we are applying 
a multi-tracer and multi-scale (both in space and time) 
approach:  
• A zero order basin in La Jara Catchment has been 
instrumented with a meterological tower, snow and soil 
lysimeters, and piezometers for hydrometric and chemistry 
analysis.

Seasonal Variability in Isotopic Composition of 
Stream Discharge
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analysis. 
•Streamflow is measured at 7 flumes installed in the 6 
catchments around Redondo Peak.  
•Water samples are collected from precipitation, soil, springs 
and surface water for chemical and isotopic analysis in all 
the catchments.

References:
Ajami, H., Troch, P.A., Maddock, T., Meixner, T., Eastoe, C. 
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(2011) Qauntifying mountain block recharge by means of 
catchment-scale storage-discharge relationships.  Water Resources 
Research, 47, W04504.
Lyon, S.W., Troch, P.A., Broxton, P.D., Molotch, N.P., Brooks, 
P.D. (2008) Monitoring the timing of snow melt and the initiation 
of streamflow using a distributed network of temrperature/light 
sensors.  Ecohydrology, 1, 215-224.



Soils, Biomass & Geomorphology 
 
 

Variations in soils, biomass, and geomorphology across the SCM elevation/EEMT gradient 
 
Key points: 

• Distinctive correlations exist among soils, vegetation, and landforms in SCM.  
• These correlations partly reflect the central role of climate in all CZ processes but also the 

feedbacks among runoff/infiltration, soils, vegetation, and landform development. 
• Numerical models that explicitly couple soil development, ecology, and geomorphology and that 

use EEMT as the “driver” of CZ processes reproduce the observed patterns. 
 

The Santa Catalina Mountains (SCM) span climates from the Sonoran Desert (at 800 m a.s.l.) to mixed conifer 
forests (at over 2500 m a.s.l.) (Fig. 1A), all in an area comprised principally of granite/gneiss and subject to a 
uniform tectonic history dominated by late Oligocene-early Miocene tectonic uplift. Strong correlations exist 
among CZ processes such that warm, dry, low elevation portions of these ranges are characterized by low 
biomass, thin soils, low water-storage potential, steep slopes, and a high valley density. Cooler, wetter, 
higher-elevation portions of these ranges have systematically higher biomass, thicker soils, higher water-
storage potential, gentler slopes, and lower valley densities. Moreover, all of these variables vary with 
climate/elevation in different ways, i.e. some are more nonlinear than others. Slope gradient and aspect also exert 
an important control on these variables, with steep, south-facing hillslopes characterized by landscapes associated 
with drier-than-average conditions at a given elevation and north-facing slopes associated with wetter-than-
average conditions. The right panel in Fig. 1B illustrates variations in relief, above ground biomass, soil thickness, 
and the average distance to the first-order valley (inversely related to valley density) calculated using available 
airborne LiDAR data and field measurements. As the plots show, soil thickness increases nearly linearly with 
elevation while above-ground biomass and average distance-to-valley increase nonlinearly with elevation. 
Hillslope relief (computed at 100 m scale) shows less total variation across elevations than the other variables do, 
increasing by only about a factor of 2 to a maximum value where biomass and distance to valley increase most 
abruptly. These trends are very similar to those found in the Piñaleno Mountains, so they are robust patterns in the 
Sky Islands of the southwestern U.S.  
     

The relationships among relief, soil thickness, biomass, and distance-to-valley reflect the underlying role of 
climate in controlling the rates of landscape processes, and also reflect co-evolutionary feedback mechanisms 

Fig. 1: Study sites and comparison of modeled vs. observed measures of topography, soil 
thickness, vegetation biomass in Santa Catalina Mountains 

 
(A) SCM is a classic locality for the study of climatic control of biomes (e.g. Whittaker and Niering, 1965). (B) 
Comparison of numerical model (left panel) and actual (right panel) elevation transects of relief, average soil thickness, 
above-ground biomass, and average distance to valley across the SCM gradient. Model combines climatically-controlled 
bedrock weathering/soil production with models for soil erosion coupled to vegetation growth. Data in right panel is 
derived from field measurements and analysis of airborne LiDAR data.      



among these processes that tend to amplify differences in rates set by climate and rock type. For example, thicker 
soils with a higher water storage potential that form at higher elevations/north-facing slopes tend to have greater 
biomass, thereby causing lower runoff ratios and increased rates of colluvial transport that promote still thicker 
soils, less-steep slopes and lower valley densities. Thicker soils and lower-relief, less-fluvially-dissected slopes, in 
turn promote greater biomass, infiltration, and evapotranspiration in a positive feedback.  
 
The UA CZO team has developed a numerical model that reproduces the observed variations (Fig. 1B) uses 
EEMT to relate monthly precipitation, temperature, and ground-surface solar radiation (including variations with 
slope gradient and aspect) to derive bedrock weathering rates and vegetative biomass. Using EEMT as a driver, 
soil is produced in the model using the soil production function of Heimsath. Soil is transported down-slope in the 
model using colluvial and slope wash/fluvial geomorphic process models that incorporate the best-available 
information on how these processes vary with climate and biomass. For a given rock uplift rate, soil thickness, 
drainage density, and relief are key model outputs. These outputs are highly interrelated: e.g. soil thickness 
controls the rate of colluvial transport and greater colluvial transport promotes a decrease in drainage density. The 
output of the model as applied to the measured rock uplift rate and climate of the SCM across the elevation 
gradient is shown on the left panel of Fig. 1B. The model reproduces the trends in relief, valley density, soil 
thickness, and vegetative biomass quite well considering that only one parameter (a soil erodibility coefficient) 
was used to optimize the fit between models and data. Fig. 2 and the accompanying caption illustrate and describe 
the topography and soil thickness output of the model (expressed as color maps) for a low elevation/EEMT case 
and a high elevation/EEMT case.  

For more information please contact: Jon D. Pelletier, jdpellet@email.arizona.edu, 520-626-2126 
 

This work is supported by the National Science Foundation's Critical Zone Observatory Program project entitled 
Transformative Behavior of Water, Energy and Carbon in the Critical Zone: An Observatory to Quantify Linkages 
among Ecohydrology, Biogeochemistry, and Landscape Evolution”, grant EAR-0724958.   

Fig. 2: Example output of the numerical model for low and high elevation/EEMT values 

 
Shown above are color maps of elevation and soil thickness output by the numerical model. The model is run to an 
approximate topographic steady state condition with an uplift rate constrained by CRN data. At low elevation/EEMT, 
valley density is high and soil thicknesses/depths-to-bedrock are low. Conversely, at high elevation/EEMT valley density 
is low and soils are thick. Within each model, soils are thinner on ridgetops and thicken towards valley bottoms, similar to 
the pattern observed in SCM. 




