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Background/Objectives.  NSZD is increasingly being incorporated to management for 
petroleum release sites, yet environmental factors that influence hydrocarbon losses are not 
well established.  Common intuition is that pump-and-treat to lower the groundwater table may 
increase NSZD rates by exposing a greater proportion of the smear zone and enhancing 
hydrocarbon volatilization.  This hypothesis is as yet untested.  Also, previous studies of the 
relationship of ambient temperature and precipitation to NSZD rates have been limited by small 
sample sizes or correlation between independent variables.  Systematic study of these 
environmental factors is needed so that practitioners can adequately characterize NSZD over 
full year cycles and identify effective enhancements as appropriate.  
  
Approach/Activities. This study was conducted at a former petroleum refinery where pump-
and-treat is being conducted.  NSZD rates were estimated approximately monthly for a one-year 
period.  Saturated zone hydrocarbon loss rates were estimated by sampling geochemical 
parameters upgradient of the smear zone and from the pumping system effluent, then scaling to 
stoichiometry and the groundwater extraction rate.  Unsaturated zone hydrocarbon loss rates 
were estimated by dynamic closed chamber at four dedicated smear zone grids and one 
background grid, with each grid comprising 16 locations.  Subsurface gas profiles were 
characterized at two of the smear zone locations.  The estimated NSZD rates were compared to 
environmental factors (groundwater elevation, ambient temperature, and precipitation) by 
univariate analysis (Pearson correlation coefficient) and multivariate analysis (multiple linear 
regression).  Statistical analysis required significance at a = 0.10 and consistent signs on 
coefficients at all four smear zone locations. 
 
Results/Lessons Learned. NSZD rates in the saturated zone were approximately 0.3 g TPH 
m-2 day-1 g TPH m-2 day-1 and dominated by anaerobic sulfate reduction. A combination of 
aerobic and anaerobic processes were observed in the unsaturated zone.  Average NSZD rates 
estimated by CO2 effluxes were approximately 1.9 g TPH m-2 day-1, more than 5 orders of 
magnitude higher than NSZD rates for the saturated zone.  This indicates that unsaturated zone 
loss mechanisms were likely dominant in this system, despite the high sulfate supply in 
groundwater, a relatively permeable aquifer, and increased groundwater fluxes.  Groundwater 
elevation was not found to be significantly related to NSZD rates.  These results suggest that 
pump-and-treat was not effective in enhancing NSZD either directly (through smear zone 
“flushing”) or indirectly (through smear zone exposure).  NSZD rates for the unsaturated zone 
were found to be positively related to ambient monthly temperature and precipitation.  The latter 
variable had a larger effect size, possibly related to site-specific conditions and the potential for 
infiltration to dampen temperature fluctuations in the deeper subsurface.  Subsurface gas 
profiles provided partial confirmation that periods of higher unsaturated zone NSZD were 
matched with higher shallow oxygen consumption.  Overall, the results point to ambient weather 
as an important factor in NSZD at this petroleum site.  Enhancements to NSZD, if needed, might 
focus on irrigation or heat addition rather than pump and treat.  


