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INTRODUCTION

The Walla Walla Valley American Viticultural Area 
(AVA) is a wine-producing area in eastern Wash-
ington state. Within this AVA, the region west of 
Milton-Freewater is a location with a distinctive 
terroir.  Terroir, a viticultural term, describes the 
sense of place captured in the grape that shows 
through in the flavor of the wine.  This sense of place 
is a characteristic of the location where the plant is 
grown and the result of all of the interactions that 
take place within the “critical zone.” All life on the 
planet exists within this zone at the Earth’s surface 
that extends from the upper reach of vegetation 
to the lower limits of groundwater (Brantley et al., 
2007).  Geologic, atmospheric, biologic, and anthro-
pogenic inputs are all key aspects of the critical zone 
(Amundson et al., 2007), and their interactions form 

the terroir.  

One way that terroir may be expressed is through 
the chemistry of the vines.  Their chemistry is a 
function of the interaction of geologic, atmospheric 
and anthropogenic variables, both as sources of 
elements and determinants of element availability 
and uptake.  An analysis of the rock chemistry, soil 
chemistry, and plant chemistry at different vineyards 
can help to quantify the relative contributions of 
these different aspects of the critical zone.  These 
three characteristics were measured at nine vine-
yards in the region to the west of Milton-Freewater, 
Oregon (Fig. 1).  

GEOLOGIC SETTING

All of the sampled vineyards near Milton-Freewa-
ter are located on an alluvial fan that was 
formed by an ancestral channel of the Walla 
Walla River earlier in the Holocene (Mei-
nert and Busacca, 2000).  These alluvial 
sediments consist of a mixture of slackwa-
ter deposits and weathered Columbia River 
flood basalt.  The slackwater deposits are 
associated with outburst floods from glacial 
Lake Missoula.  This 7800 km2 glacial lake 
in Montana flooded more than 30 times 
between 15,300 and 12,700 years ago, re-
leasing 2500 km3 of water in each flood that 
rushed through eastern Washington and 
Oregon and picked up sediment as it trav-
eled.  This sediment has a granitic charac-
ter.  The water was temporarily dammed by 
a narrow canyon, so much of the sediment 
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Figure 1: Three locations at each of nine vineyard sites were sampled in the region of the Walla Walla AVA northwest of Milton-
Freewater.  These vineyards are located on an alluvial fan formed by the Walla Walla River.  
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fell out of suspension.  The slackwater sediments 
were deposited, forming graded beds called the 
Touchet beds (Carson and Pogue, 1990).  The basalts 
were weathered by the river, and many basalt frag-
ments remain cobble-sized based on relative close 
proximity to their source.  The resultant soil is an 
Entisol and is characterized by a bimodal size distri-
bution of silt and rounded cobbles.  In the present 
day, the windblown transportation and deposition 
of fine sediment as loess is common in this area, 
and loess also has the potential to contribute to the 
chemistry of the soil.    

METHODS

Three samples were collected from each of nine 
vineyards distributed across the alluvial fan.  At 
eight of the vineyards, an approximately 50 cm-deep 
soil pit was dug at the base of a grapevine in its root 
zone.  From this pit, an integrated soil sample was 
collected through the entire soil profile.  Sampling 
was done in such a way as to exclude cobble-sized 
material.  Cobbles were collected separately at three 
of the sample sites.  Samples of leaves, with the stems 
removed, were collected from the vine immediately 
adjacent to the hole.  At the ninth vineyard site, only 
soil samples were collected, as this was a new vine-
yard, and grapevines had not yet been planted.  

Major and trace element analyses were performed 
on bulk soil samples from each soil sample site and 
on cobble samples from the three cobble sample 
sites.  Sample preparation followed the methods 
described by Rhodes (1996).  Major elements (Si, Ti, 
Al, Fe, Mn, Mg, Ca, Na, K, P) were analyzed using 
a Siemens MRS-400 multi-channel, simultaneous 
X-ray spectrometer.  Trace elements (Nb, Zr, Y, Sr, 
Rb, Th, Pb, Ga, Zn, Ni, Cr, V, Ba, Ce, and La) were 
analyzed using a Philips PW2400 sequential spec-
trometer.  For soil samples, loss on ignition (LOI) 
was used to determine the percent mass of organic 
carbon and calcium carbonate.  The samples were 
heated to 550°C for 2.5 hours to measure organic 
carbon and to 950°C for 2 hours to measure the 
amount of calcium carbonate using the method 
described by Heiri et al. (2001). 

Cation exchange capacity was determined for all soil 
samples using a KCl extraction for the acid cations 
and an NH4Cl extraction for the base cations.  The 
concentration of acid cations (H+ and Al3+) was 
measured using titration with NaOH and back titra-
tion with HCl after the addition of KF.  The concen-
tration of the base cations  (Ca2+, Mg2+, Na+, and K+) 
was measured in the extracts using a Perkin Elmer 
model 2020 atomic absorption spectrometer.  
To determine the plant chemistry, leaves were first 
washed, dried, ground, and ashed for seven hours 
at 480° C after a gradual increase in temperature.  
Samples were prepared using the method described 
by Radojevic and Bashkin (1999).  A filtered HNO3 
acid leach of the ash was analyzed using ICP spec-
trometry.  Plant samples were analyzed for Ca, Mg, 
Na, K, Sr, Mn, Ba, Zn, and Pb. 

RESULTS

Major and Trace Element Chemistry of Soils 
and Cobbles

Silica is the most abundant element in both the soils 
and cobbles.  The soils contain higher amounts of Si, 
Al, Zr, Rb, Pb, Zn, Ni, and Cr.  The cobbles contain 
higher amounts of Ti, Fe, Mn, Mg, Ca, Na, K, P, Nb, 
Y, Sr, V, and Ba.  The soils and cobbles had overlap-
ping values of U, Th, Ga, Ce, and Li (Table 1).
Lead and Zn in the soils are the only two elements 
that show large amounts of variation both between 
and within vineyards.  They have high standard 
deviation values.  Zn, with an average of 191ppm in 
the soils has a standard deviation of 157.4ppm.  The 
average value of lead, 148ppm, is less than the stan-
dard deviation, 166.0ppm.  

Exchangeable Soil Chemistry

The cation exchange capacity in these soils is rela-
tively low (Eby, 2004) with an average value of 19.2 
meq/100g.  The exchange sites in all samples were 
dominated by base cations, and the soils had an 
average base saturation of 99.7%.  Of the two acid 
cations, H+ and Al3+, H+ had low quantities av-
eraging around 0.06 meq/100g, and no Al3+ was 
measured in any of the soils.  The most abundant 
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exchangeable ion was Ca2+ with an average value of 
13.12 meq/100g.  Magnesium was the second most 
abundant ion (average 4.25 meq/100g), potassium 
was the third (average 1.68 meq/100g), and sodium 
was the fourth (average 0.088 meq/100g) (Table 1).  
No significant trend in quantity of exchangeable ele-
ments was present between the vineyards.  

Plant Chemistry

Of the eight elements analyzed, the average se-
quence from greatest to least abundant was: Ca, K, 
Mg, Na, Sr, Mn, Ba, Zn, Pb (Table 1).  The amount of 
calcium was about three times larger than any of the 
other elements.  Although Ca (average 33.6 mg/g), 
K (average 11.41 mg/g), and Mg (average 4.26 mg/g) 
had higher values, none of the other elements at any 
of the locations had values greater than 0.3 mg/g.  
There were large variations of Zn, Na, and Pb both 
within and between the different vineyards.  

DISCUSSION

Elemental trends and relative quantities change be-
tween the cobbles, soils, and plants.  This is partially 
a result of selection processes in the weathering of 
the cobbles, the exchange sites of the soil, and the 
uptake of the plants.  The soil and cobble chemical 
analyses all measured a lower value of K than Mg.  
This relationship is reversed in the plant.  The higher 

values of K could be the result of the fact that K+ 
is more easily transported in the plant than Mg2+ 
(Larcher, 1995).   The amount of Na+ also changes 
its relative abundance as it travels from the rock, to 
the soil, to the plant. Sodium is lower than Ca and 
Mg but is higher than K in the total cobble and soil 
analyses.  In the exchangeable portion of the soil, 

Na+ has the lowest value.  Na+ 
is very soluble, and it is also the 
cation with the least tendency 
for absorption (Larcher, 1995).  
It is likely that sodium has been 
leached out of the soil.
   
The only soil element of the four 
measured for both total chem-
istry and exchange that shows a 
significant relationship between 
these two values is K (Fig. 2).   
This suggests either that most 
of the potassium in the soil is 
exchangeable or that most of the 
potassium that weathers out of 
the soil immediately occupies 
the exchange sites.  It appears 
that plant uptake and weather-

ing of potassium occur at a similar rate.

The values of Mg, Ca, and Sr in the plant are posi-
tively related.  These three elements are all alkaline 
earth elements with a charge of 2+, so that could be 
responsible for the similar tendency for absorption 
and transportation by the plant.
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Figure 2: The amount of exchangeable soil K is directly related to total soil K.
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There is a significant positive relationship between 
the cation exchange capacity and the amount of 
organic C (Fig. 3).  Organic material in the soil has 
a slight negative charge and can therefore act as an 
exchange site, so when there is more organic mate-
rial, the soil will be able to hold more cations.    

Some variation in the chemistry between the soils 
and cobbles appears to be caused by more than just 
selective weathering and exchange.  There is much 
more Pb in the soils than the cobbles (as much as 
30 times more in some of the soils), so this suggests 
that there is an outside source for lead.  This source 
could be atmospheric or anthropogenic.  Because 
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Figure 4: Soil concentrations of Pb and Zn vary between the 
vineyards.  The concentrations  of Pb, Zn, and Na in the leaves 
also vary between the vineyards. These variations appear to be 
due to vineyard speci�c in�uences.
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Figure 3:  Cation exchange capacity is directly related to the amount of organic carbon in the soil.  
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the lead values vary greatly between the different 
vineyards and even within the same vineyard, it is 
unlikely that the source is atmospheric.  At the scale 
of the vineyards in this study, atmospheric deposi-
tion should be fairly consistent across the entire 
area.  Anthropogenic deposition of lead on the vine-
yards through agriculture is highly possible because 
there is a long history of orchards in the area.  One 
source of Pb in agriculture is in pesticides.  Pesti-
cides used in orchards in the early 1900s contained 
Pb and As, and the use of these pesticides for a 
number of years can lead accumulation of lead and 
arsenic in the soil (Newton et al., 2006).  Another 
possible source of Pb is aerosol deposition from 
vehicle use of leaded gasoline, although there is no 
correlation between vineyards high in lead content 
and close proximity to roads.  Lead is also the only 
element that shows a significant positive correla-
tion between the total soil chemistry and the plant 
chemistry.  

Chemical variation between vineyards provides evi-
dence that the vineyard management influences the 
chemistry.  The total soil chemistry shows that soil 
Zn and Pb vary between vineyards, and plant analy-
ses found that plant Zn, Pb, and Na chemistries vary 
between vineyards.  The fluctuations between the 
vineyards are more pronounced in the plants than 
the soils (Fig. 4).  The vineyard specific concentra-
tions suggest that management does have the ability 
to influence the chemistry of the soil and the plants.  
Management potentially has a larger influence on 
the plants than the soils. 

CONCLUSION

Interactions in the critical zone shape the chemistry 
of the plants.  Weathering of the cobbles and the 
soil releases ions for exchange, but in the transi-
tion to exchange sites, only potassium has a direct 
relationship with the soils.  Processes, including 
leaching of Na, change the composition of the ions.  
Selective uptake of ions by the plant also changes 
the relative composition in the plant, and only Pb 
shows a direct relationship between the soil and the 
vine.  Anthropogenic inputs into the critical zone 
appear to have added elements, including Pb, to the 

soil.  Anthropogenic management of a vineyard also 
influences uptake of ions by the plant.  These critical 
zone interactions that rely upon the location’s geol-
ogy, atmosphere, climate, and management shape the 
chemistry of the plant and therefore shape the terroir 
of the wine.
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