
Annual Geochemical Dynamics of a Spring-Fed Stream in an Arid Climate
Tracy J. Lund*, Everett Shock*^, Panjai Prapaipong*
* School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287
^Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287

Questions and Hypotheses:
While studies have analyzed major ion composition in streams at di�erent time 
scales (Parker et al, 2007; Miller & Drever, 1977) and nutrient loads in rural and 
urban arid streams (Marti et al., 1997; Jones et al., 1996) over di�erent time scales 
and in response to weather events, little work has been done to learn about 
long-term, seasonal trends of trace elements in perennial, minimally-managed, 
semi-arid streams.

Our goals for this project were two-fold: 
1. Measure major and trace elements in a minimally anthropogenically-impacted 
    (i.e. rural and minimally diverted) stream in central Arizona to investigate 
    long-term and storm-driven chemical trends.  These trends could then be extra-
    polated over a broader scope to encompass other watersheds in the Mogollon Rim
    region
2. Compare chemical trends in the style of Miller & Drever (1977) to determine what 
    roles the essentially bi-modal precipitation scheme has on stream chemistry overall.

To e�ectively accomplish these goals, we asked ourselves the following questions:

How does water chemistry change as a function of time and seasonal changes?
 Hypothesis:  Snowmelt, precipitation and other surface inputs should alter the 
 main spring water chemistry as these types of events occur.  Each of these 
 events may also contribute their own chemical “markers” that will increase and 
 decrease as inputs from those sources increase or decrease. 

How do precipitation events alter elemental concentrations, pH and conductivity?
 Hypothesis:  Spring water-derived elemental signals should be over-
 whelmed during and immediately after rainfall events as sur�cial �ows are at 
 peak volume.
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Weather Data Site Descriptions
Bonita - real-time temperature and water precipitation meas-
    urements at Bonita Creek as provided by resident Dave Kelly.  
    The station is about 0.25 miles away from the autosampler.  
    This station does not accurately measure snow so precip-
    itation amounts during the winter season are not depend-
    able for either rain or snow data.
Baker Butte and Promontory - US Department of Agriculture 
    Natural Resource Conservation Service weather observation 
    sites featuring daily temperature, rainfall and snow (meas-
    ured in inches of snow-water equivalent or SWE) measure-
    ments in a nationwide network.  These are the two closest 
    sites to the study area at about 10 miles away.

Photo 10.  Sampling area on January 19, 2009.  
Note the blue-gray turbid quality to the creek.  
Flows have swollen the creek back to a width 
of 43 inches (1.10 meters) wide.

Photo 9.  Sampling area on November 9, 2008. Very 
low-�ow regime just prior to the beginning of winter 
snows in the upstream reaches of the watershed.

Photo 8.  The sampling area on September 5, 
2008. The stream is entering a low-�ow regime 
by this time and is 0.93 meters wide at this 
point.

Photo 7.  Sampling area on July 12, 2008, 
immediately post-storm.  Note the very 
turbid �ow over the boulder pile.  Overall
Monsoonal precipitation events only 
increase discharge and turbidity for a very
short period (18 - 24 hours) before resum-
ing pre-event levels.

Photo 6.  The main water sampling area on July 
4, 2008.  The creek was 1.10 meters wide. The 
boulders circled in this photo are the same as 
those circled in the sequence of photos below.  
Note the very clear �ow as well.

Photo 3. Sign near study site 
outlining the area burned in 
the Dude Fire of 1990.  The 
�re burned over24,000 acres 
and killed 6 �re�ghters.  

Photo 4. Erosion coupled with 
high-wind events in winter of 
2008-2009 have toppled a 
number of live ponderosas like 
this one in the Bonita Creek 
watershed.

Photo 5.  The main source spring for Bonita 
Creek is hidden among lush vegetation.  
Water quality here is excellent and supports 
a wide variety of plant and animal life, as
well as the beer brewing and wine making
activities of some of the residents of 
Bonita Creek.
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Study Location
Bonita Creek is a spring-fed perennial stream �owing southward from the base of 
the Mogollon Rim escarpment about 12 miles northeast of Payson, Arizona.  The 
creek emerges from within or immediately above a limestone unit (the Fort Apache 
limestone unit, as described by Blakey and Knepp, 1989; see Photo 2) within the 
Pennsylvanian-Permian Supai Group and �ows overland through the Tonto National 
Forest for about 2 miles before entering the community of Bonita Creek (Photo 1),
which diverts a small amount of surface �ow for household use for homes on the 
east side of the Creek.  The majority of �ow continues for approximately 0.5 mile 
before re-in�ltrating as groundwater near the concealed contact between the Supai 
and Pennsylvanian Naco Formation.  Groundwater �ows from Bonita Creek presum-
            ably re-emerge within the Verde 
            River watershed, a major water 
            source for the Phoenix metro area. 
            

              The watershed is a thriving, burn-
                scarred ecosystem of manzanita, 
                  ferns and grasses, with some 
                    small stands of ponderosa 
              clustered primarly around the 
                creek itself.  Evidence of the 
                  Dude Fire of 1990 is wide-
                   spread, with a vast amount 
                     of charred stumps still 
                present throughout the 
                 area some 20 years later.
                   See Photos 1-4 for more 
                     details on this �re.

            ably re-emerge within the Verde 
            River watershed, a major water 
            ably re-emerge within the Verde 
            River watershed, a major water 
            source for the Phoenix metro area. 
            

              The watershed is a thriving, burn-
                scarred ecosystem of manzanita, 
                  ferns and grasses, with some 
                    small stands of ponderosa 
              clustered primarly around the 
                creek itself.  Evidence of the 
                  Dude Fire of 1990 is wide-
                   spread, with a vast amount 
                     of charred stumps still 
                present throughout the 
                 area some 20 years later.
                   See Photos 1-4 for more 
                     details on this �re.

            ably re-emerge within the Verde 
            River watershed, a major water 
            source for the Phoenix metro area. 
            

              The watershed is a thriving, burn-
                scarred ecosystem of manzanita, 
                  ferns and grasses, with some 
                    small stands of ponderosa 
              clustered primarly around the 
                creek itself.  Evidence of the 
                  Dude Fire of 1990 is wide-
                   spread, with a vast amount 
                     of charred stumps still 
                present throughout the 
                 area some 20 years later.
                   See Photos 1-4 for more 
                     details on this �re.

Figure 1.  Maps of the study location in relation to the state of Arizona and local 
towns and communities.

Climatological and meteorological conditions for the Mogollon Rim area were collected from several di�erent sources, including local 
residents via Weather Underground and the USDA National Resource Conservation Service.  Weather trends were used to lend con-
text to the collected and measured geochemical data, as events do have a profound impact on water chemistry through dilution and 
                   concentration of species (Rose, 2003; Miller & 
                   Drever, 1977).

Figure 2.  Close-up detail of regional map near the study site.  The two USDA-NRCS sites are each 10.1 miles from the autosampler
site at Bonita Creek.

Photo 1.  Community of Bonita Creek visible against a stormy Mogollon Rim.  This photo 
shows the extensive damage imparted by the Dude Fire in this area, which was formerly 
a thriving ponderosa forest.  View is to the northeast from the main �re control road.

Figure 4.  Measured concentrations of a few of the major and trace 
elements measured for this project for the full study period.  Purple data points represent major elements and are measured in mmol/kg, while aqua-
marine data points represent trace elements and are in µmol/kg.  Data was plotted in this way to accomodate the 1000-fold concentration di�erences 
between major and trace elements.  Error bars are standard deviation of multiple sample measurements.

As shown in Figure 3, major shifts in dissolved elemental chemistry, as shown by the speci�c conductivity plot, correlate well with major meteorol-
ogical events.  The �rst month of the study period is marked by signi�cant reduction in snowpack at both SNOTEL sites, which beautifully lines up 
with the observed dip in conductivity.  This correlation indicates that the melting snowpack in the upper reaches of the Bonita Creek watershed is 
diluting the major ion concentration imparted by the source spring.  This hypothesis is supported by the subsequent increase in conductivity seen 
from spring through late fall, a period a�ected only by sparse rainfall events or the summer Arizona Monsoon pattern.  Once signi�cant snowpack 
amounts accumulate again in late-December, conductivity falls dramatically to nearly the same values seen at the beginning of the study period.

The summer monsoon period also has an e�ect on conductivity although not as great and only for discrete, very short periods, likely due to the 
short duration of these discrete rainfall events relative to melting snowpack conditions seen through the winter.  Chemical e�ects from two rainfall 
events--July12 and August 10, 2008--were captured to compare rainfall event-driven 
chemical changes with seasonal chemical dynamics.  Figure 5 shows the July 12 event.

Figure 4 shows the full study period minus all data and samples that were collected 
less than 18 hours after a Bonita Creek rainfall event.  The 18 hour criteria was gene-
rated from close observation of data trends following the July 12 and August 10 
events, i.e. post-event concentrations resume near pre-event levels for all but one 
or two elements.  The elements shown here are a small sampling of the nearly 60 
major and trace elements included in our analyses and are showcased here because 
of the data trends observed throughtout the study period. 

Certain trends are clearly shown in the seasonal data.  Calcium, magnesium and 
strontium--all +2 ions in solution--all exhibit very similar concentration increases to 
the conductivity data, which makes sense as calcium is the most concentrated, 
readily-measureable major ion in solution.  Uranium--and arsenic to a certain extent--
exhibits somewhat similar behavior, with the lowest measured concentrations occurr-
ing during snowmelt periods.  Major +1 ions in solution, like potassium, chloride and 
sodium (not shown here), show comparatively little change over the course of the 
year, but do exhibit a small slump during snowmelt times.  Because of these apparent 
decreases during snowmelt, all of the aforementioned elements are likely coming 
from the source spring, which is undergoing dilution during those periods.  Dissolved
iron appears, on the surface, to at least partially resemble precipitation patterns but
may also represent colloidal iron �oculation in collected samples that could occur 
before �ltration.  Neodymium--as well as some transition metals and other rare-earth 
metals--exhibits a strongly anti-correlative signature in relation to calcium, with 
maximum concentrations occurring during snowmelt periods.

Figure 5 shows the same elements during and after a Monsoon storm on July 12, 2008.  
The rain event is documented on top, with elemental concentrations plotted as a 
function of time below.  Note the abrupt trend shift in strontium, which shows strong 
seasonal correlation with calcium, but is actually strongly anti-correlative during this 
event.  This would seem to suggest a secondary strontium source being washed into 
solution from somewhere on the surface, either from soil or some exposed high-
concentration strontium-salt layer within the Supai Group, which does contain some 
evaporite salt deposit strata (Blakey & Knepp, 1989).  Also note the very di�erent 
reponses of chloride and potassium, which exhibit similar behavior seasonally.  All 
other elements shown here behave similarly to observed seasonal trends.

Seasonal vs. Event-Driven Chemical Changes
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Figure 5.  Elemental concentration changes as a function of time in relation to a documented 
rainfall event (Bonita site data).  Purple data points represent major elements and are measured 
in mmol/kg, while aquamarine data points represent trace elements and are in µmol/kg.  Error
represents standard deviation of multiple measurements. 

Data Trend Plotting for Source Correlation

Figures 6 and 7.  Calcium plotted versus various elements of interest for the full study period and for during and immediately after a rainfall event on July 12, 2008.  Sample dates and times are listed in each separate key.

July 12 - 13, 2008

When using data visualization techniques suggested in Rose (2003), Miller & Drever (1977) and others to determine the relationships between two 
chemical or hydrologic parameters or elemental concentrations, important details--sources of elements, mixing of waters of chemically di�erent waters 
sources, system input complexity, hysteresis trends--become easier to see.  To that end, hysteresis trends of the elements of interest have been plotted 
against calcium on both seasonal and event-response scales in Figures 6 and 7.  Seasonal data are plotted in monthly date groups that were determined 
by subtle changes in slope for plotted seasonal calcium data, as seen in the top of Figure 4.  The data were then sorted and data points for samples 
collected in the afternoon between 12:00 and 5:00 pm were then plotted.  The data tend to favor a mixing trend between two chemically di�erent 
sources, with markedly higher calcium concentrations in the summer and lower calcium concentrations during the winter, as limestone dissolution within
the source rock is the dominating geochemical driver until snowmelt dilutes the spring water in the winter and early spring.  Other elements plotted 
against calcium are also traceable as coming from the same source or from an alternate source depending on the overall slope trend of the data, with 
elements either correlative (positive slope) or anti-correlative (negative slope), respectively. 

Event-driven data from July 12 - 13, 2008 are shown in Figure 7.  Event data plotted for calcium vs. magnesium resembles seasonal dynamics, but calcium 
vs. strontium exhibits wildly di�erent behavior and is at least partially anti-correlative (negative slope).  Calcium vs. uranium is strongly correlative, but 
data point trends are opposite between seasonal and event data, with uranium being depleted relative to calcium seasonally and enriched relative to 
calcium after precipitation.  Calcium vs. arsenic shows an interesting departure from mid summer to late fall, when calcium continues to increase while 
arsenic concentrations start to fall.  Calcium vs. arsenic after a precipitation event shows almost no correlation except during the rainfall event itself.  
Calcium vs. chloride (and sodium, not pictured here) concentrations show a somewhat correlative trend seasonally but during and after rainfall chloride 
concentrations remain unchanged.  Calcium vs. potassium looks similar to calcium vs. chloride on a seasonal scale, but during and after rainfall trends 
follow a �gure-8 pattern.  Calcium vs. total iron shows a loose interpretation of the two end member system seasonally but the two elements are some-
what anti-correlative, while rainfall seems to cause chaos to ensue.  Calcium vs. neodymium (as well as some transition metals and most rare-earth 
elements) show strong anti-correlative trends that are similar regardless of the time scale.

Di�erences in chemical dynamics between these two timescales seem to indicate that while a two end-member mixing scenario can explain seasonal 
changes in water chemistry, other factors seem to be impacting chemistry on precipitation-event scales.  It is unclear what exactly is causing these �uct-
uations, but possible causes may be �ushing of leaf and trunk surfaces by through-falling rain, dissolution of salts from soils, some heretofore unknown
anthropogenic activity upstream or some factor as yet unknown.

Summary
- Seasonally, snowmelt has a profound impact on Bonita Creek, with source spring-derived elements diluted to between 25 and 
   50% of maximum concentrations during drier seasons.  This activity creates what appears to be a two end-member mixing line 
   between source spring water and snowmelt water when most major ions are plotted against each other.  
- While seasonal trends appear to be fairly consist among elements of similar solution species (i.e. alkaline earth metals from 
   source rocks including calcium, magnesium and strontium all have +2 charge in solution, chemically similar rare earth elements 
   �ushing through simultaneously by snowmelt), precipitation events appear to impart other chemical dynamics to the system.  
- Further comparison of the two rainfall events may suggest an answer as to the auxilliary sources of strontium and a few other 
   elements (not pictured here) that exhibit trends vastly dissimilar to seasonal trends.

Figures 3.  Regional snowpack at USDA-NRCS SNOTEL sites (top, in inches of snow-water equivalent) and 
local residential rainfall measurements (bottom, in inches, courtesy of Dave Kelly) compared with speci�c conductivity 
measurements (bottom, in µS/cm) from the YSI-600XLM installed in Bonita Creek for the full study period.  Note that
rain measurements for the Bonita Creek residential site are not reliable due to the inability of the installed weather 
equipment to accurately measure snow.  

Photo 2.  View westward along the Mogollon Rim.  All strata pictured here are of the Supai Group.  The 
highlighted strata are the Fort Apache limestone unit from which Bonita Creek �ows and is character-
ized by karsted (cave-containing) limestone and dolomite.  The rock strata impact stream chemistry 
through calcite dissolution, imparting a calcium-bicarbonate dominant chemistry to surface �ows.

Rainfall Amount vs. Time Interval
for July 12 - 13, 2008
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