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• Purpose of Study:
− To evaluate potential hydrologic impacts of South32’s proposed discharge of 

treated water from the Hermosa Project to Harshaw Creek as described in 
August 2020 AZPDES and APP applications.

Study Commissioned by PARA



South32’s Proposed Action

• South32 (parent company to Arizona 
Minerals, Inc.) proposes dewatering of 
Hermosa Project area ~ 5 miles south of 
the Town of Patagonia to facilitate 
underground mining.

Modified from Clear Creek Assoc., Aug 2020, APP Significant Amend. Applic P-512235, fig. 1.

1) Taylor Deposit (zinc, lead, silver)
2) Clark Deposit (zinc, manganese, silver)

 Initial dewatering rate up to 4500 gpm
 Treated water discharged to Harshaw Cr. Hermosa Project



Motivating Factors for PARA
 Existing Flood Potential on Harshaw Creek and in Town of 

Patagonia
 South32’s conclusion of no surface water impact in Sonoita 

Cr. 



History of Flooding in Patagonia

Perennial flows 
along Sonoita and 
lower parts of 
tributaries shown

2017 Watershed Management Plan



Recent Harshaw
Creek Flooding

Harshaw Creek Flows
July 22, 2017

Key Points 
• Monsoonal storms leading to Discharge on Harshaw Cr  relatively typical 

annual monsoon storm events
• Preceding storms  increase surface saturation and runoff

Harshaw Creek Flows
August 9, 2016

Elevated Baseflows – amplify flood potential

Streamflow at Patagonia-Sonoita Cr. Preserve (m3/s)

Sonoita Cr Watershed Precipitation (mm) Sonoita Cr Watershed Precipitation (mm)

8/7/16-8/12/16 7/15/17-7/24/17

Data courtesy of The Nature Conservancy



South32 Findings (presented July 21-22, 2020)



Literature Review



Documents Reviewed



Proposed New Discharge from WTP2 to 
Harshaw Creek



1. Evaluate effects of 4500 gpm mine dewatering discharge from WTP2 on:
• Streamflow

− Harshaw Cr
− Sonoita Cr

• Conveyance of Mine Discharge
− Natural regime PLUS mine dewatering
− Along Harshaw Cr
− Through town of Patagonia

• Groundwater
− Groundwater-dependent ecosystems
− Aquifer storage changes

2. Assess baseline hydrologic conditions and controlling factors 

3. Develop a robust numerical model of Sonoita Cr watershed  applicable to other problems

Study Objectives



Integrated Modeling

MIKESHE by DHI

https://www.mikepoweredbydhi.com/products/mike-she



• Choice of spatial and temporal scales (depends 
on processes):

• Groundwater (days to years)
• Surface water (seconds to hours)
• Unsaturated flow (seconds to years)

• Process time scales independent and 
automatically controlled

• Choice of processes to include in model

• Choice of simple to complex solutions

• Groundwater flow virtually identical to 
MODFLOW.

• FEMA‐approved fully hydrodynamic, surface 
water hydraulic model

MIKESHE / MIKEHydro
flexible process descriptions

● Green and Ampt



MIKESHE Model Development Approach

USGS Data
ADWR Data
(Geology and 
Wells/Water levels)

Model 
Development

Preliminary
(Phase 1)

Integrated Model 
Calibration
(2000 to 2020)

Preliminary
Scenarios

(Phase 1)
Hermosa Mine 
WTP Discharge 

(4500 gpm)

Updated parameters, Time-
varying distributed Recharge & 

ET

Soil
Vegetation
Landuse

Snow Depths
Stream Q

Heads
AET

Soil Moisture
Water Quality

Predictive 
Uncertainty

Analysis

(account for 
uncertain inputs)

Distributed NLDAS 
Meterological Data 

(3 hourly)

-Air temp
-Precip
-PET

Local Scale 
(Phase 2)

Model Scenarios
(More accurate/improved 

resolution)

Regional Model
(Phase 2)

Refine Calibration



Conceptual Model



Generalized Conceptual Basin Flow Model

Unweathered Bedrock

Unweathered Bedrock

Alluvial ‘Valley’ Fill (along Sonoita 
Creek) - High permeability 
gravel/sand matrix interbedded with 
clay/silt lenses  controls ‘bank’ 
storage.  Clays/silts limit vertical 
flows and surface infiltration 

Weathered Bedrock zone –
fractured, higher permeability than 
underlying unweathered bedrock.  
Perches GW in overlying colluvium 
– critical control on streamflow.

10 m

790 m

Unweathered Bedrock –low 
permeability, isotropic unfractured.

Fault – impedes flow across 
it.  Heads higher on 
upgradient side.

Relatively thin veneer of high 
permeability colluvium (3 to 6 m) 
supports vegetation.

Springs – can occur at 
faults when upgradient 
GW forced to surface.

Many wells screened in 
bedrock

Most productive wells 
screened in alluvium; 
some enhanced by 
faulting



Conceptualization of Unsaturated Zone Flow

Macropores  rapid recharge

Saturation increases above clay layers 
Influences infiltration and recharge to 
groundwater

Variable soil types 
 Strongly control ET dynamics, 

infiltration & recharge to aquifer

Groundwater Recharge
Response to stream stage

Unsaturated Zone Moisture 
Deficit  draws water 

UPWARD from water table 
(capillary draw). 



Surface Water Runoff 
Mechanisms

Low permeability soils with deeper 
GW table & bedrock 
• Runoff occurs as ‘Hortonian Flow’

(i.e., rainfall rate exceeds infiltration capacity).
• Unlikely in most storms

Shallow bedrock
• Causes rapid surface 

saturation, increasing 
runoff 

• True in many areas

Shallow, low 
permeability bedrock

Perched Flow – above shallow 
bedrock

Shallow groundwater table
• Limits aquifer storage 

capacity
• “Rejects” infiltrating water, 

increasing runoff
low permeability 
bedrock



Evidence for Runoff Mechanism
Surface water discharge appears strongly controlled by shallow GW table (locally-perched or connected to 
regional aquifer) for several reasons:
• Reported range of soil permeability  doesn’t produce peaky discharge (i.e., Hortonian runoff)
• Aquifer storage effects apparent in surface discharge at Preserve gage
• Relatively shallow GW beneath town/Sonoita Cr 
• Perennial flow along lower reaches of most tributaries and downstream of Town where shallow bedrock forces GW to 

surface.  (eg, TNC preserve)

low permeability 
bedrock

Shallow bedrock
Shallow groundwater



Streamflow at Precipitation at Patagonia-Sonoita Cr Preserve*

* Data courtesy of The Nature Conservancy

Delayed stream flow response



REGIONAL Model Setup/Assumptions



Model Domain, Discretization, and Hydraulic Network

Proposed WTP2 
Discharge Location

• 500 m grid cells
• Entire Sonoita Cr watershed
• Sonoita Creek and main 

tributaries
• Patagonia Lake

Town of 
Patagonia

Patagonia 
Lake

Sonoita Cr Watershed

Cienega Cr Watershed

Mt Wrightson



Climate Data NLDAS Zones (11.4 km x 13.8 km spacing)

• NASA’s National Land Data Acquisition System (NLDAS) data
• Hourly Rainfall, Potential Evapotranspiration (PET), and Air 

Temperature (2000 through 2020)
• Benefits of NLDAS dataset:

• spatially distributed (~11.4 x 13.8 km grid)
• no data gaps 
• hourly consistency between rain, PET and air temperature.
These data ‘drive’ the hydrologic and snowmelt response.

• Elevation lapse rates adjust rain and air temp  account for 
orographic effects.

SNOWMELT PARAMETERS
• Melting Temperature – 0º C (uniform)
• Degree Day Coeff – 4 mm/C/day
• Maximum Wet Snow Fraction – 0.1
• Thermal melting (from rain heat on snow) 

included – Melt Coeff – 0.131/C

Potential ET 
(mm/day)

Precipitation (mm/day)

Hourly Air Temp (C)

Can supplement with 
local weather station data



Unsaturated 
Zone

• USDA - SSURGO Soil 
Survey data

• Similar to AZGS 
Surficial Geology and 
supported by well logs

• Saturated hydraulic 
conductivity values 
shown for top 100 cm.

• These data 
converted into 
MIKESHE soil types.

• Assumed uniform to 
higher elevation of 
either groundwater table 
or bedrock surface.
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MUD CRACKS

(Nassereddin, 1967)

Clays present in Harshaw Creek 
and Valley Alluvium

Middle Harshaw Cr.
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Hermosa Project Borehole Logs

Most logs show soils 
overlying bedrock 
have significant clays 
& silts – even within 
Harshaw Creek.

55‐536795



3D Lithologic Model – Deposits Overlying Bedrock 

WTP2

Borehole Lithology from ADWR’s Well55 Registry Driller’s Logs

Lithologic 
Color Legend

Bedrock
Clays
Silts
Sands
Gravels

Increasing Perm
eability

Patagonia Sonoita Cr

Looking down  
Sonoita Creek 
toward 
Patagonia

Patagonia

Patagonia Lake



Saturated Zone

Unweathered Bedrock

Unweathered Bedrock 790 m

4 model layers
10 m

Layer 4 – Competent Bedrock

Layer 3 – Weathered Bedrock

Layers 1 & 2 (alluvium & weathered bedrock)
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Unconsolidated Material Thickness - Isopach

Arizona State Depth to Bedrock 
– borehole location (ft)

ADWR well log locations

Assumed thickness ~3 m 
hilltop areas, and ~6 m 
along drainages (where 
data lacking)

Depths to bedrock increase rapidly into 
Cienega Creek watershed to north

Thickness data shows 
• 100s of feet thick from 

Patagonia to ~7.5 miles north 
along Sonoita Creek

• Shallows at/south of 
Patagonia, along Sonoita (~20-
30 feet)

• Harshaw depth variable (~150 
to 10 feet)

Patagonia



Saturated Zone 
Hydraulic Properties

Utilized hydraulic 
properties (conductivity 
and storage) from 
modeling associated with 
Rosemont Mine EIS

Refinement of hydraulic 
property distributions 
guided by AZGS surficial 
geologic zones
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Faults and Springs

Fault map by Drewes, 1996

Faults can either impede 
flow across OR facilitate 
flow along them.  

MIKESHE modeling assumed they 
all impede flow.  Further evaluation 
is needed.

Groundwater flow could be 
enhanced along the 
Harshaw Creek/Santa Rita 
Fault zone or similar faults. 

Harshaw Creek/Santa 
Rita Fault zone

Patagonia



2014 Existing 
Vegetation 
Types

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
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8-day MODIS satellite 
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Actual ET.  Consistent with 
wet/dry climate periods. 
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Boundary Conditions
Groundwater Pumping

Assumed 0.5 ac-ft/yr
net pumping from all 
ADWR Wells.

Includes Patagonia Community Water 
System Pumping by year (2 wells)

Mt Wrightson

Patagonia
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Groundwater 
Level Data

ADWR GWSI and Well-55 
Registry data used to 
create a time-averaged 
groundwater 
‘potentiometric’ surface 
map.

Initial condition for the 
integrated model.

Transient water level data 
are used as calibration 
data in the model.

Contour interval 20 m

Groundwater Level Surface 
and Flow Directions

Patagonia



Depth to 
Groundwater
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Estimated depth to 
groundwater below ground 
surface:

• increases in deeper 
bedrock areas

• shallow along most of 
Harshaw Creek (~2 to 
~15 m) 

Shallow 
groundwater limits 
surface infiltration

Areas of greater depth to gw
affected by pumping and/or 
geologic features

Shallow bedrock 
forces gw up 

toward surface

Patagonia



Preliminary Model 
Performance/Calibration

Snowmelt
Streamflow
Groundwater



Simulated Snowmelt Mount Wrightson

m
m

year

(Should be calibrated to snow water equivalent data)



Simulated Actual Evapotranspiration 
(AET)

Higher Altitudes  produce more AET, 
mostly due to increased precipitation 
with elevation.

Mt Wrightson



Manual low-flow measurements
at TNC Preserve only flow data 
available for model period 2000-2020
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Simulated Discharge – USGS Patagonia Gage (1930-1972)

Observed discharge (dots on lower plot) are from 1960s-
early 1970s only for comparison.  Baseflows and range 
of peak flows are reasonable – but need actual data.

Seasonal variations in baseflow realistic at Preserve 
gage.  Hourly measurements are required to confirm 
short-term ‘storm-event’ peak flows.

USGS 09481500

Patagonia-
Sonoita Cr 
Preserve

No active gaging stations in model 
area!
• Continuous flow record would 

provide critical model calibration 
data



Preliminary Simulated Transient Heads
Many potential reasons for deviations:
• Relatively coarse model grid  a finer grid will better 

simulate local flows/heads
• Assumed pumping (0.5 ac-ft/yr) at all wells 
• Variations in local geology 
• Faulting assumptions (some faults facilitate flow)
• Water level measurements (ADWR)

• Old/outdated
• Influenced by pumping
• Assumed screened depths

• Upstream diversions (stock ponds, etc) 
• Upstream AG-irrigation 
• Legacy mining dewatering 
• Current/recent mining dewatering
• Inaccuracy in initial heads

 Further calibration required



Simulated vs. Observed Heads (all ADWR wells)
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Preliminary results – identify 
areas needing further 
refinement.

• Green triangles indicate 
reasonable calibration.

• 822 wells – multiple depths

• Spatial coverage limited 
outside of main drainages

±5 m



Perennial Flow 
Reaches – TNC

Important 
calibration
data in lieu of 
gaging
stations
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Simulated Gaining and Losing Reaches

Stream flows  
INTO aquifer 

(Losing reach)
Stream flows  

OUT OF aquifer 
(Gaining reach)

General agreement between 
MIKESHE and Perennial 
stretches.

Note  MIKESHE indicates 
gaining/losing reaches vary 
throughout the year
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Utilize WQ/Isotopes to refine MIKESHE flow calibration

“The use of extreme events such as 100‐year floods, or
droughts, or the input of management practices targeting
erosion (vegetation, contouring, etc.) into these models
would allow management to test outcomes and solutions to
a wide variety of potentially damaging conditions with the
goal of preventing costly loss or injury to lives or properties.”
(Norman et al, 2008)



1. Baseline Conditions (no mine dewatering) - 2014 to 
2020

2. WTP2 discharge – 2014 to 2020 (7 years)
3. Dewatering Scenario (assumptions based on South32 

presentation July 2020)

Assumptions:
− 4500 gpm discharged to Harshaw Cr from WTP2
− Continuous flow for 3.5 years, then off for 3.5 years
− Includes hourly distributed weather and runoff

Scenarios



Simulated Effects of WTP Discharge to Upper Harshaw Creek
at Patagonia-Sonoita Cr. Preserve

4500 GPM WTP discharge



Simulated Change in Flow
at Patagonia-Sonoita Cr. Preserve

Flows at TNC preserve increase 
200 to 600%.

Modeling shows  discharge at 
preserve increases baseline 
surface flows MORE than WTP 
4500 gpm (10 cfs).  Precip from 
typical storm events runs off 
instead of infiltrating
Nearly all of WTP discharge 
translates past Town.

Virtually all peak storm flows 
increase – significantly 
amplifying flood potential 
through town.



WTP Discharge Effects

South32 Evaluation of WTP discharge 
impacts on Harshaw and Sonoita Creek:

• Shows no/minimal impacts on Sonoita 
Creek

• Simulated Groundwater rise ~3 miles 
across Harshaw Cr:

• MIKESHE shows impact along 
Harshaw Cr. limited to channel alluvium 
and bedrock just around creek 
(hundreds of feet – not 3 miles)

• “Steady State” analysis doesn’t account 
for effects of subsurface saturation and 
storm events on streamflow.

Area of Groundwater Rise 
extends nearly 3 miles around 
Harshaw Creek - Unrealistic



Estimated flow of 132 gpm
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Dewatering

Suggests dewatering to at least 
2000’ elevation (>3000’ below 
ground surface).

South32 Groundwater Model 
(purple line) only includes 
Harshaw Creek  can’t assess 
impacts to Sonoita Cr upstream.

Model boundary clearly affects 
both drawdown (red line) and 
groundwater mounding (green 
line).

MIKESHE Model Boundary



Simulated Water Level Drawdown
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• Assumed 600 m (1968 ft) dewatering 
depth.

• Specified drains in mine footprint.
• Preliminary drawdown shows similar extent 

to South32 (after 4 years), but is elongated 
along Alum Gulch (faulting).

• Can’t compare to mine drawdown levels –
details unavailable.

• Predicted dewatering rate much lower 

Simulated Water Level Drawdown (m)
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Lead Queen Mine 
Discharge

Historical Mines 
Impacting Water 
Quality in Harshaw

Proposed WTP 
discharge location

Dewatering and 
WTP discharge can 
facilitate movement 
of degraded water 
from legacy mines 
into Harshaw Creek

“A significant component of
metal dispersion in these
watersheds is the circulation
and eventual surface
discharge of waters that
have absorbed metals and
acidity via passage through
networks of underground
mine tunnels.”
(Norman et al, 2008)



CONCLUSIONS AND 
RECOMMENDATIONS



• Important details influencing flows: 
− transient shallow groundwater, shallow bedrock, clay in soil zone

• MIKESHE results differ from APP  show a range of impacts through Town.

• Impacts derive from entire watershed upstream of Lake Patagonia

• A fully integrated modeling tool is needed to simulate:
− the dynamically coupled GW‐SW flow conditions

− continuous response to each storm event

− flows in ungauged watersheds

Key Findings from MIKESHE Modeling



Proposed WTP2 discharge is likely to:
1. Quickly saturate/fill shallow alluvial aquifer along Harshaw Creek
2. Flow through Town and Preserve after initial wetting period
3. Increase PEAK flows downstream on Harshaw and Sonoita Cr. through Town and 

Preserve by more than WTP2 discharge
4. Facilitate transport of any contaminants above the WTP2 to downstream areas
5. Raise groundwater levels along both Harshaw and Sonoita creeks

WTP2 DISCHARGE Conclusions



Findings from dewatering simulation in MIKESHE:
− Lateral extent similar to South32’s July 2020 presentation (though uncalibrated)
− Dewatering rate much lower than South32  details of dewatering/local geology at 
mine unavailable

− Numerous springs within drawdown footprint
− Faults likely influence drawdown and infiltration and could translate drawdown to 
Sonoita Creek 

• Remaining Questions:
1. Will mine dewatering & treatment address WQ at intercepted legacy mines inside and outside mine 

footprint?
2. How will post‐mining water level recovery and discontinuation of WTP discharge affect baseline 

conditions along Harshaw and Sonoita creeks?
3. What will be long‐term post‐mining WQ impacts?

MINE DEWATERING Conclusions



Missing in South32 analysis of WTP2 impacts

Item Description

Variable bedrock depths Variable-depth low-permeability bedrock  important constraint on potential stream infiltration 
and saturation.   Must develop geologic model based on boreholes and/or geophysical survey.

Lithologic variations above bedrock –
substantial clay layers

Review of numerous logs  most wells show notable clay layers, which reduce stream 
infiltration/storage potential. Need more complete geologic model based on logs.

Variable/dynamic GW table –
beneath Harshaw and Sonoita 
Creeks

Available water level data show relatively shallow water table  limits stream 
infiltration/aquifer storage potential.  A broader model needs to be prepared to simulate 
groundwater flow/stream interaction.

Sonoita Creek inflows above 
Harshaw Creek

Lack of gage data at this location requires calibrated modeling of continuous, long-term 
coupled groundwater-surface water flow conditions – entire catchment upstream of 
confluence.

Distribution and dynamics of soil 
moisture

Not accounted for; should use available detailed soil survey data. Must consider transient 
effects (antecedent conditions).

Storm runoff inflows along Harshaw
upstream of WTP2 discharge point

AZDEQ identified water quality issues with legacy mines upstream of  WTP discharge point.  
Storm runoff above WTP2 may transport contaminants and add flow to area downstream of 
WTP2.  Must model entire catchment above WTP2.



1) High‐resolution topography (LiDAR) of Harshaw‐Sonoita Creek system
2) More detailed characterization of alluvial aquifer along Harshaw Cr
3) Mapped legacy mine footprints/adits/tunnels/shafts, etc.
4) Details of mine water use throughout 30‐year mine life
5) Geologic model based on well logs/geophysics
6) Continuous groundwater‐level monitoring in wells along Harshaw and Sonoita creeks and in 

upland recharge areas
7)    Continuous stream‐flow measurements (every 5 minutes)

a. upstream and downstream of WTP2 discharge point on Harshaw Cr.
b. Sonoita Cr. upstream and downstream of Town

8)     Wet/dry mapping of key ephemeral/intermittent stream reaches above and below Town
9)     High‐resolution meteorological data
10)   Pumping/diversion data
11)   More frequent/informed WQ monitoring at WTP2 and POCs

– capture notable runoff events in Harshaw Cr
12)   Hydraulic testing ‐ aquifer testing, long term dewatering pumping

DATA GAPS



• Conduct a more rigorous analysis
− Use “integrated’ code like MIKESHE (vs single-process codes like HEC or MODFLOW) to capture highly dynamic 

groundwater-surface water interactions
− Model full hydrologic system upstream/upgradient of Patagonia Lake

• Collect additional data (data gaps list) for at least 1 year
• Develop 3D geologic model for entire watershed – including bedrock depth, faulting and alluvial lithology
• Improve calibration to available data (~last 20 years) to reproduce:

• complete storm hydrographs, especially large events
• average and transient well water levels (and springs)
• actual evapotranspiration

− Develop local-scale (eg, 40-m) model of Harshaw/Sonoita Cr through Town to examine:
• Dewatering with WTP discharge
• Mining alternatives

− Conduct formal uncertainty analysis
• Assess range of impacts
• Identify worst case

• Peer review work

Modeling Recommendations



1. Assessments:
 Erosion impacts from additional flows from WTP2
 Spring hydrology
 ET changes (increased flows, wetted area, vegetation)
 Long‐term water quality changes
 Climate Change

2. Mitigations (examples):
 Possible reservoir on tributary upstream of town to store WTP discharge, thereby:

 Minimizing flooding in Harshaw/Sonoita creeks
 Providing controlled supply of water to town
 Enhancing wetland habitat

 Passive wetland treatment system to mitigate long‐term water quality impacts to Harshaw & Sonoita 
creeks and enhance habitat

 Erosion‐control structures (single‐rock dams, gabions, road swales, etc.)

APPLICATIONS OF INTEGRATED MODEL



Laurel Lacher
Lacher Hydrological Consulting
LLacher1@msn.com

Bob Prucha
Integrated Hydro Systems
Prucha@integratedhydro.com

Thank you!
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