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Summary 
Northwater was retained by Holy Spirit Catholic Parish to perform a desk study, hydrogeological 
assessment and geophysical survey to support water well drilling decision-making for the Saint 
Joseph Parish in Lalomas, Artibonite Department, Haiti.  Reliable and secure water supplies are 
desired to serve the Parish and broader community near Lalomas, Haiti.   
 
From a hydrogeological context, the Parish sits atop a thin blanket of unconsolidated deposits 
which are underlain by crystalline igneous bedrock.   
 

• The unconsolidated deposits are typically less than 25 meters thick, fine grained and store 
limited quantities of groundwater. Many of the hand dug wells in the area produce water 
from this thin layer and are documented to have issues during the dry season.  
 

• The igneous bedrock typically has poor groundwater potential due to the low porosity and 
permeability of the dense formations.  Groundwater occurrence in these rocks is 
discontinuous and dependent on fracture networks and thicker and deeper weathered 
zones.   

 
It is our opinion that the fractured igneous bedrock is the most feasible groundwater target to 
provide a sustainable supply of good quality water that is most resistant to seasonal fluctuations 
and drought.  In order to develop wells with sufficient yield and good water quality to support the 
Parish and community, boreholes must intersect fractures which are connected to sources of 
recharge.   
 
We attribute a a poor to moderate potential to find groundwater on the parish site that can provide 
sufficient yield to support a hand pump or small submersible pump (5-15 gallons/minute). 
Improved moderate potential occurs in several locations to the south and north of the Parish.  
One on-site and three off-site exploratory drilling locations are suggested based on geological 
observations and geophysical indicators.  The primary groundwater target at all locations is 
fractured igneous bedrock at depths greater than 20 meters and typically less than 70 meters.   
 
We recommend drilling at least two of the four sites in order to increase chances of securing a 
resilient water supply both for the Parish and surrounding community.    
 

1. EX-1 drill site is located at the parish property and has poor to moderate groundwater 
potential.  It is determined the best location on the property to attempt drilling. 

o Located along southern border of Parish property, 34 to 40 meters (110 to 130 ft) 
west of entrance gate.  Drilling area is immediately east of covered enclosed 
building which is to the east of existing latrines.  Near ERT Profile A, electrode 37 
(Shown in Figure 5 & Figure 10). 

o Location recommended for Parish (private) well. Drill up to 70 meters (230 feet) 
depth. 

2. EX-2 drill site is located off-site and has moderate groundwater potential. 
o Location along path leading west (toward river) from main road, approximately 300 

meters (980 feet) south of Parish gate.  Drilling location is 65 meters (210 feet) 
west of main road.  Locatoin will require land agreement and possibly widening of 
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path to support drill rig access. Near ERT Profile B, electrode 27 (Shown in Figure 
5 & Figure 11). 

o Location recommended for community (publicly managed by water committee) 
well. Drill up to 70 meters (230 feet) depth. 

3. EX-3 drill site is located off-site and has moderate groundwater potential. 
o Location approximately 1,125 meters (3,700 feet) north of Parish, just downstream 

of Sous Marion.  Drilling location is on west side of creek, 30 to 40 m (100 to 130 
feet) west of the channel.  Drilling may occur on either the north or south side of 
road.  Will require land permissions or acquisition and some minor earth moving 
to support drill rig access. Near ERT Profile C, electrode 23 (Shown in Figure 5 & 
Figure 12). 

o Location recommended for community (publicly managed by water committee) 
well. Drill up to 60 meters (200 feet) depth.  

4. EX-4 drill site is located off-site and has poor to moderate groundwater potential. 
o Location approximately 1,125 meters (3,700 feet) north of Parish, just downstream 

of Sous Marion.  Drilling location is up east side of creek in a small drainage, 140 
meters (460 feet) east the channel.  Location is approximately 200 meters (660 
feet) east of main road that leads to Savanne Salée.  Will require land permissions 
or acquisition o support drill rig access.  Near ERT Profile C, electrode 43 (Shown 
in Figure 5 & Figure 12). 

o Location recommended for community (publicly managed by water committee) 
well. Drill up to 50 meters (164 feet) depth. 
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Background 
The Holy Spirit Catholic Parish wishes to better understand the feasibility of drilling water wells to 
supply the Parish of Saint Joseph and surrounding community of Lalomas, Artibonite Department, 
Haiti. The Parish includes a church, school (800 students), rectory, and administrative offices.  
Northwater was contracted to conduct a hydrogeological desk assessment, field reconnaissance 
and geophysical survey to site exploratory drilling locations with the best potential for success to 
provide water supply for the Parish and greater Lalomas community.  This memorandum presents 
the results of the desk assessment, field reconnaissance and geophysical survey along with 
drilling recommendations.     
  
The Parish is situated in the west-central portion of the 4eme Lalomas section of the Saint Michel 
de L’Atalaye Commune, Departement Artibonite, Haiti. The site lies at an elevation of 506-m 
above sea-level and is situated 300-m E of the L’Atalaye River near the community of Biaou, 
approximately 7-km NE of the town of St. Michel de L’Atalaye.   Figure 1 shows the location of 
the Parish relative to local topography and aerial imagery.    
 

 
FIGURE 1 - LOCATION OF STUDY COORDINATE AND NEARBY DRAINAGE FEATURES  
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Methods and Results 
This study had three primary components which included: (i) desk assessment, (ii) 
hydrogeological reconnaissance and (iii) geophysical survey.    
 
The following datasets were consulted and analyses performed as a part of the desk study. 
 

• 1.5-m LiDAR digital elevation dataset (terrain analysis, watershed delineation, drainage 
lines, and surface flow accumulation for recharge) 

• Countrywide 1:250,000 scale geologic and hydrogeologic maps 

• Haiti Outreach drilling and well testing data for Savanne Salée 

• Landsat 8 multispectral imagery for fracture trace analysis 

• Normalized Difference Vegetation Index (NDVI) calculated from dry season and wet 
season Landsat 8 multispectral imagery 

• Northwater database of geologic structure in Haiti including faults and folds 

• United Nations (MINUSTAH) population and habitation spatial datasets 

• Open Street Maps roads 

• Terrain analysis using topographic position index 
 

The field program was designed based on the refined geological and structural maps produced 
by the desk study, along with insights from imagery and nearby water features.  The Northwater 
field team consisted of James Adamson, Javan Miner, Maxwell Pierrilus and Fritz Chery.  Field 
activities were performed on December 12 and 13, 2020.  Approximately ½ day was allotted to 
field hydrogeological mapping and 1.5 days to geophysical surveys.   
 
Electrical Resistivity Tomography (ERT) and Horizontal to Vertical Spectral Ratio (HVSR) 
geophysical techniques were selected based on several site-specific factors: 
 

• Potential for relatively shallow depth of resolution 

• Potential for high spatial resolution for targeting fractures 

• Potential to estimate the thickness and relative density of surficial sediments or bedrock 

• Minimal interference from electromagnetic noise such as generators and powerlines    
 
A total of 3 ERT profiles and 32 HVSR soundings were collected; the locations are shown in 
Figure 5.   Three 2D ERT profiles were modeled in order guide exploratory drill site selection 
(Figure 6 through Figure 8). Composite HVSR frequency plots were developed to support and 
corraborate interpretation of the ERT data (Figure 9).  Appendices A and B provide detailed 
explanations of ERT and HVSR geophysical methodologies.   
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Geology 
The Lalomas communal section is located north of the Central Plateau Structural System; the 
geology of the commune is predominantly influenced by the folding of geological strata. 
Cretaceous-age andesite, rhyodacite and volcano-sedimentary bedrock is exposed along a broad 
band running north-south through the study area (Figure 3).  This igneous bedrock band is flanked 
in the higher elevations to the SW and NE by Eocene-age hard and often karstic limestones. 
Several minor river systems dissect the andesite bedrock and have deposited thin blankets of 
alluvial silt, sand, clay, and gravel.  These alluvial valleys are flanked by fine-grained colluvial 
deposits associated with weathering and erosion of the bedrock hills.  The Parish is situated on 
the unconsolidated deposit associated with the L’Atalaye River which flows north to south through 
the communal section.  Igneous bedrock is exposed 100 meters to the east and 350 meters to 
the west of the Parish.  Figure 2 shows the regional geology relative to the Parish.  
 
A fracture trace analysis was conducted at a 1:25,000 scale in order to delineate lineaments and 
zones of potential fracturing or faulting which may influence groundwater occurrence and flow in 
the igneous system. In brief, a fracture trace analysis views various visual and non-visual spectral 
imagery and topographic layers in order to identify linear features.  Overlaying the linear features 
from each layer together and the number of times each feature is found allows fault, fracture, or 
geologic contact locations to be estimated. Various layers were generated for the analysis 
including: 

• Landsat8 multispectral imagery (LC80090462015011LGN00_MTL, 11-Jan-2015) 
o Bands 7,3,1 
o Bands 5,3,1 
o Bands 7,7,7 
o Bands 1,7,5 
o Bands 7,5,3 

• Landsat8 multispectral imagery for dry and wet seasons (composite from 2010-2016) 
o Normalized Difference Vegetation Index (NDVI) 

• LiDAR digital elevation datasets with 1.5-meter grid size 

• Linear topographic features 

• Linear drainages 
Figure 2 presents the orientation (azimuth) of identified lineaments while Figure 4 shows the 
lineaments overlaid onto the geological map.  A majority of the faults noted on the geologic map 
(Figure 3) were derived from synthesis of the fracture traces.    
 
It appears that an ancillary anticlinal fold associated with the Central Plateau synclinal system is 
responsible for forming the terrain of the communal section, where the igneous bedrock is 
exposed along a north-south trough flanked by younger units (Eoecene-age limestone).  The 
anticlinal structure may result in favorable fracturing in the bedrock and numerous lineaments and 
minor faults. The L’Atalaye River, which flows near the Parish, is likely following the course of one 
of these lineaments which trends N-S.  It appears that the major lineaments trend approximately 
N-S, while ancillary lineaments tend to trend NW to SE on the western side of the L’Atalaye River.  
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On the east side of the river, the trend is NE to SW (Figure 2), indicating that the River L’Atalaye 
and an un-named drainage 1-km to the west may flow along the folding axis.   
 
Several ancillary lineaments intersect with the L’Atalaye lineament, possibly forming zones of 
increased fracturing and weathering. These larger lineaments and lineament intersections formed 
the primary target zones for reconnaissance, geophysical survey and well siting.   
 
 

 
FIGURE 2 - ROSE DIAGRAM OF LINEAMENT ALIGNMENTS IDENTIFIED DURING FRACTURE TRACE ANALYSIS 
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FIGURE 3 – GEOLOGICAL MAP 
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FIGURE 4 - RESULTS OF FRACTURE TRACE (LINEAMENT) ANALYSIS USING LIDAR AND MULTI-SPECTRAL IMAGERY 
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Existing Water Infrastructure 
Very few drilled wells are known to exist in the Lalomas communal section.  It is reported that 
shallow hand dug wells are used by numerous communities, including historically by the Parish.  
These shallow wells tend to have very limited yields, are subject to seasonal fluctuations, and are 
subject to contamination.    
 
Several springs exist within the communal section, the larger of which appear to be associated 
with the limestones which flank the area to the NE.  One such spring, Sous Nan Gislen has been 
capped and piped for local use at numerous kiosks to the north and south of the Parish.  The 
pipelines and reservoir appear to be recently rehabilitated, however, vandalism has already 
occurred resulting in at least one major pipeline leak near the Parish.  This leak, caused by a line 
that was disconnected from a kiosk is currently the supply of water for the Parish.  Water is 
collected in buckets and then trucked up to the Parish reservoirs.  Sous Gislen and the associated 
pipelines are a major asset for the people of Lalomas, however, significant work is needed to 
improve the management of the water and associated infrastructure.  The Parish currently 
benefits from the free but unreliable water which comes from this system due to the lack of 
cohesive management.  Proactively engaging with the CAEPA that is attempting to manage this 
system is one option for securing a water supply for the Parish.  For example, if the Parish 
established a connection for both the Parish property and nearby kiosks, a monthly water 
subscription fee would go a long way to improving the CAEPA’s ability to repair leaks and improve 
the reliability of the service, improving public health and economic potential.  
 
One drilling record and well testing report was made available by Haiti Outreach (Table 1).  This 
well was drilled in 2019 and is located approximately 1-km to the NE of the Parish in Savanne 
Salée.  The borehole intersected groundwater within the igneous rocks at depths between 60 and 
80-ft, drilling continued to 200-ft, however no further water producing zones were found.  Pump 
testing and water quality analysis indicated a poor yield and water considered somewhat high in 
dissolved solids (>1000 µS/cm conductivity).  The poor yield and water quality is likely due to 
limited fracture density and recharge.  Based on our review of the well location, it was not in 
proximity to any mapped lineaments or features that we would have targeted with field 
investigation. Haiti Outreach noted that a second well was drilled nearby at the same time, with 
similarly low yield and water quality.  This well was located during the field reconnaissance but 
could not be tested due to private access limitations.  

 
TABLE 1 - NEARBY WATER POINTS 

Name Location Latitude Longitude Elevation 
(m) 

Well depth 

(ft) Notes 

Savann 
Sal #1 

(mWater 
71807795) 

Savanne 
Salée 19.424313 -72.28049 534 200 

Yield: 3 gpm 
Static: 70 feet 
Screened Interval: 61-200 
Lithology: 

0-20, yellow rock 
20-200, grey rock 

Driller: Haiti Outreach 
Date: Oct 2019 
Conductivity: 1038 uS/cm 

Savann 
Sal #2 

Savanne 
Salée 19.42488 -72.28148 533 NA No log available, apparently does not 

go dry 

Sous Nan 
Gislen La Loma 19.44745 -72.26148 712 NA 

Flows from limestone ravine, line runs 
to reservoir and numerous kiosks 
Conductivity: 626 uS/cm 
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Groundwater Occurrence and Flow 
Groundwater near the Parish occurs in two primary hydrogeological environments, both of which 
are spatially limited, discontinuous, and typically low yielding.  Groundwater flow is generally from 
north to south and from higher elevations to lower elevations.  
 

1. Unconsolidated formations (sand and gravel): The unconsolidated system consists of thin 
beds of sand and gravel within water-deposited layers of silt, clay and sand associated 
with the river valleys.  This system is up to 25 meters thick but may be substantially thinner 
in many areas.  Due to limited extent and thickness, this target may not support a perennial 
aquifer capable of supplying a hand pump (5 gpm). 
 

2. Fractured igneous rocks: The fractured igneous aquifer system is highly discontinuous 
and present only where tectonic forces have cause fracturing or faulting and where surface 
topography allows for sufficient recharge to enter the fracture networks.  This aquifer is 
the most likely source of groundwater from drilled wells in the area near the Parish and 
indeed most of Lalomas communal section.  Due to the high variability in permeability 
between fractured and unfractured rocks, groundwater occurrence and flow may vary 
significantly within short distances, several meters of horizontal distance may be the 
difference between a ‘successful’ well and a dry well.  Due to this high spatial variability, 
high resolution geophysical techniques capable of detecting fractures or variations in earth 
materials were required for well siting. 
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Geophysics 
The geophysical investigation was able to interpret subsurface conditions to depths of up to 100 
meters.  The location of each ERT electrode and HVSR sounding are shown in Figure 5.  Three 
2D ERT profiles (Figure 6 through Figure 8) and composite HVSR frequency plots were 
developed to guide interpretation of the ERT data (Figure 9).   
 
ERT Profile A (Figure 6) runs from west to east along the road immediately south of the Parish.   

• The main road intersects the profile at electrode 42, the Parish property extends from 
electrode 29 to 41.  

• Corresponds to T1 through T8 HVSR soundings in Figure 9. 

• Resistivities are generally low (< 50 ohm-m) in the upper 15 to 25 meters, indicative of 
unconsolidated alluvial and colluvial deposits. 

• Increased resistivities (50 – 150 ohm-m) below 20 meters depth likely indicate igneous 
bedrock which appears to be more dense and less weathered on the western half of the 
profile.  

• Primary resistivity anomaly near electrode 37 at depths up to 70 meters. Likely indicates 
fracturing or a small fault in basement rock where improved groundwater storage and flow 
could occur.  

o This anomaly is the primary on-site target along Profile A and the location of 
recommendation EX-1.  

 
ERT Profile B (Figure 7) runs from west to east along walking paths approximately 300 meters 
south of the Parish.  

• The main road intersects the profile at electrode 34. 

• Corresponds to T21 through T24 HVSR soundings in Figure 9. 

• Resistivities are generally low (< 50 ohm-m) in the upper 15 to 25 meters, indicative of 
unconsolidated alluvial and colluvial deposits. 

• Increased resistivities (50 – 150 ohm-m) below 20 meters depth likely indicate igneous 
bedrock.  Bedrock observed to outcrop on west side of L’Atalaye River at electrodes 1 
through 3.   

• Primary vertical resistivity anomaly near electrode 27 at depths up to 80 meters. Likely 
indicates fracturing in basement rock where improved groundwater storage and flow could 
occur.  

o This anomaly is the primary target along Profile B and the location of 
recommendation EX-2.  

 
ERT Profile C (Figure 8) runs from west to east along the road leading to Sous Marion 
approximately 1,125 meters north of the Parish.   

• The creek intersects the profile near electrode 27.   

• Corresponds to T25 through T32 HVSR soundings in Figure 9. 
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• Resistivities are generally much higher (> 200 ohm-m) than along Profile A and B, 
indicating the igneous basement rock is less fractured and therefore of lower groundwater 
potential. 

• Unconsolidated materials appear to be 5 to 20 meters thick in most places along the 
profile. 

• Vertical anomaly of lower resistivity between electrode 23 and 25, on the west side of the 
creek.  Likely indicates fracturing in basement rock which could improve groundwater 
potential.   

o This anomaly is the primary target for exploratory drilling (EX-3) along Profile C. 

• Secondary smaller vertical anomaly near electrode 43 corresponds to smaller drainage. 
Area may have store and transmit some groundwater in thicker weathered basement rock. 

o This secondary anomaly is targeted by exploratory location EX-4.    
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FIGURE 5 - GEOPHYSICAL LOCATION MAP 
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FIGURE 6  - MODELED ERT PROFILE A 

 

FIGURE 7 – MODELED ERT PROFILE B 
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FIGURE 8 – MODELED ERT PROFILE C 

 

 

 

FIGURE 9 - HVSR FREQUENCY PLOTS ALONG ERT PROFILE A (TOP), PROFILE B (MIDDLE) AND PROFILE C (BOTTOM) 



 

Hydrogeological Assessment and Well Siting Study  Northwater International • 17 
St. Joseph Parish, Lalomas  February 2021 
 
 

 

Recommendations 
Overall, there is poor to moderate potential to find groundwater on-site that can provide sufficient 
yield to support a hand pump or small submersible pump (5-15 gallons/minute). There is improved 
moderate potential in several locations to the south and north of the Parish.  One on-site and 
three off-site exploratory drilling locations are provided based on geological observations and 
geophysical indicators (Table 2 & Figure 10 - Figure 12).  The primary groundwater target at all 
locations is fractured igneous bedrock at depths greater than 20 meters and typically less than 70 
meters.   
 
We recommend drilling at least two of the four sites in order to increase chances of securing a 
resilient water supply both for the Parish and surrounding community.  Based on the geology and 
hydrogeological conditions, we recommend down the hole hammer (DTH) air drilling methods to 
improve the chances of success and best delineate water production zones and yields during 
drilling. 
 
 

TABLE 2. DRILLING RECOMMENDATIONS 

Location Longitude 
(dd) 

Latitude 
(dd) 

Target 
Drilling 

Depth (m) 
Location Notes Hydrogeological 

Potential 

EX-1 
 

 ERT A37 
HVSR T6 

 

-72.28865 19.41765 25 – 70 

Along southern border of Parish property, 
34 to 40 meters (110 to 130 ft) west of 
entrance gate.  Immediately east of covered 
enclosed building which is to the east of 
existing latrines. Location recommended for 
Parish well.  

Poor to Moderate 

EX-2 
 

ERT B27 
HVSR T22 

-72.28979 19.41522 20 – 70 

Along path leading west (toward river) from 
main road, approximately 300 meters (980 
feet) south of Parish gate.  Drilling location 
is 65 meters (210 feet) west of main road.  
Will require land procurement and possibly 
widening of path to support drill rig access. 
Location recommended for community well. 

Moderate 

EX-3 
 

ERT C23 
HVSR T27 

-72.28943 19.42807 20 – 60 

Approximately 1,125 meters (3,700 feet) 
north of Parish, just downstream of Sous 
Marion.  Drilling location is up west bank of 
creek, 30 to 40 m (100 to 130 feet) west of 
the stream channel on either the north or 
south side of road.  Will require land 
permission or procurement and some earth 
moving to support drill rig access. Location 
recommended for community well. 

Moderate 

EX-4 
 

ERT C43 
HVSR T30 

-72.28783 19.42751 25 – 50 

Approximately 1,125 meters (3,700 feet) 
north of Parish, just downstream of Sous 
Marion.  Drilling location is up east bank of 
creek in a small drainage, 140 meters (460 
feet) east of stream channel.  Location is 
approximately 200 meters (660 feet) east of 
main road that leads to Savanne Salée.  Will 
require land permission or procurement and 
to support drill rig access.  Location 
recommended for community well. 

Poor to Moderate 
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FIGURE 10 – AERIAL IMAGERY SHOWING LOCATION OF EX-1 (ON-SITE) 

 

 

FIGURE 11 – AERIAL IMAGERY SHOWING LOCATION OF EX-2 (300 METERS SOUTH OF PARISH) 
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FIGURE 12 – AERIAL IMAGERY SHOWING LOCATION OF EX-3 AND EX-4 (1,125 METERS NORTH OF PARISH) 
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Appendix A – Explanation of ERT Geophysical Techniques 
Electrical Resistivity Tomography (ERT) methods were employed at three sites in Lalomas.  ERT 
allows for imaging 2D or 3D variations of electrical resistivity of subsurface geological materials.  
This resistivity is calculated from the measurement of the potential difference between two 
electrodes after the injection of a weak electric current (<1A) by another pair of electrodes 
(quadrupole). The tomographic technique consists in varying the position and spacing of a large 
number of these quadrupole electrodes in order to obtain apparent resistivity values corresponding 
to different positions and depths. Inversion modeling is necessary to obtain a usable image of the 
apparent resistivity distribution at each measurement point. This processing is carried out using 
dedicated software.  
 
The basic operating principle of ERT consists of injecting a direct or alternating current at very 
low frequency, into the soil through two current electrodes (A and B) and measuring the resulting 
potential difference at two potential electrodes (M and N). From the values of current (I) and 
potential (V), the values of apparent resistivity (ρa) can be calculated according to the following 
expression: ρa= k (∆V/I), where k is a factor dependent on the geometry of the measuring device. 
The resistivity profiles reflect the vertical and horizontal variations in the resistivity of the 
subsurface. The presence of groundwater will significantly affect the resistivity values. 
 
The equipment used for data acquisition is an AGI SuperSting R8/IP™ resistivity meter, with a 
multi-channel system consisting of 56 electrodes spaced 10 meters apart (550 meters). The 
maximum depth of investigation for these surveys is 80 to 110 meters; total depths depend on the 
final length of the measurement line and site-specific conditions. 

 
FIGURE 13 – SCHEMATIC OF ERT ACQUISITION AND CALCULATED RESULTS 

 
Field activities are deployed in a systematic manner. First, the path of the profile to be carried out 
is located and "traced" using a GPS and a compass. The four cables are then unwound along the 
identified profile and stainless steel electrodes with a diameter of 3/8 inch are driven into the 
ground every 10 meters. Finally, the electrodes are connected to the cable using spring clips. When 
the cable crosses a busy road or paths, a cable protector is installed on the section concerned.   
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Two deep cycle 12 V batteries with a large charging capacity are located in the center of the array, 
together with the data acquisition console and the switch box. A contact resistance test is performed 
to verify that the electrodes and cables are all functional in proper contact with earth materials. 
The contact resistance test helps to identify electrodes with anomalous contact resistances. When 
the ground contact needs to be improved, the affected electrodes are re-installed or moved. It is 
also sometimes necessary to pour water on and around electrodes with anomalous contact 
resistance.  
 
After finalizing the contact resistance test, the operator selects the control file corresponding to the 
desired device configuration and starts taking measurements. Depending on the selected 
configuration, the data acquisition time usually varies between 20 and 70 minutes.  When the 
measurements are completed, the equipment is repackaged for transport to the next location.  
  
The EarthImager-2D™ software was used to process the resistivity data. This software uses a 
direct and inverse modeling method to create a synthetic data set from the measured apparent 
resistivities. This is an iterative process including, for each new iteration, the calculation of a root 
mean square error. Data with large errors is gradually removed over several iterations until the 
root mean squared error is reduced to an acceptable level. Each iteration requires the removal of a 
certain amount of data until an increasingly homogeneous model is obtained; ideally, the iterative 
process will end before too much useful data is filtered out. The amount of data collected in the 
field depends on the device configuration and the number of electrodes. In this study, the expanded 
dipole-dipole and strong gradient configurations were used for all 3 profiles.  
 
Generally, poor quality data is eliminated as much as possible in order to improve the quality of 
the model processing the data inversion. The inversion process usually includes up to 6 iterations. 
The resulting data is analyzed taking into account any geological information. Occasionally, 
changes are made to the processes associated with data cleaning, smoothing factors or other 
configuration parameters associated with the data inversion computer program. The Surfer® 
program is used to interpolate the final resistivity data and present the final version of the two-
dimensional profiles referred to depth and/or elevation.  
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Appendix B – Explanation of the HVSR Geophysical Technique 
 
Horizontal to Vertical Spectral Ratio (HVSR) techniques are a relatively new geophysical tool 
which have been developed primarily for stratigraphic and engineering applications related to 
seismic hazards.  Recent advances have also applied HVSR methods to groundwater investigations 
due to the technique’s suitability in determining sediment thickness and zones of increased bedrock 
fracturing. Due to the limited footprint of HVSR equipment, it is a convenient screening tool to 
help site conventional geophysical methods with high spatial resolution, such as ERT or to quickly 
estimate depth to dense bedrock such as limestone beneath unconsolidated or semi-consolidated 
cover.   
 
HVSR Methods 
 
Earth materials such as soil, alluvium and hard bedrock transmit seismic waves at different 
velocities depending on their density and stiffness.  The difference between velocities of various 
layers is referred to as the seismic impedance contrast.  When seismic surface waves cross a unit 
boundary with high impedance contrast, a portion of the energy is reflected.  This reflected energy 
is concentrated at a frequency related to the thickness and shear wave velocity of the upper unit.   
This phenomenon is known as resonance, and the frequency of peak amplification as the resonant 
or natural frequency.   Equation 1 provides the relationship between the resonant frequency, the 
shear wave velocity of the upper unit and the unit thickness.       
 

Equation 1    𝑓" =
$%&''()
*+&''()

 

Where:  
f0 is the resonant frequency 
Vs is the shear wave velocity of the upper layer 
H is the thickness of the upper layer 

 
Typically, a single primary impedance contrast exists such as between the alluvial basin fill and 
underlying hard bedrock.  However, in some cases multiple peak frequencies may be present due 
to multiple layers with high impedance contrast.  HVSR provides a method of measuring the 
resonant frequency(s). 

 
The HVSR method consists of recording ambient seismic noise in three orthogonal directions (two 
horizontal and one vertical) which are then processed in the frequency domain.  Results are 
typically plotted to show directional component strength at various frequencies and calculated 
horizontal-to-vertical (H/V) ratios at various frequencies (examples shown below).   

 
The peak H/V ratios have been shown to be a suitable approximation of the seismic resonant 
frequencies of subsurface layers, with the strength of the peak related to the velocity contrast 
between the two layers.  For example, soft and weak silty sediments overlying dense volcanic 
bedrock will have a strong seismic velocity contrast and result in a large peak H/V ratio at a 
frequency governed by Equation 1.  Conversely, dense alluvial deposits overlying a soft mudstone 
or highly fractured limestone may have very minimal velocity contrast and will therefore result in 
a very small and hard to define H/V peak.  A third situation occurs when comparing multiple 
HVSR recordings across a zone where bedrock fracturing may occur. In this case, the typically 
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strong peak H/V response will be weakened in the location where fracturing has lowered the 
bedrock seismic velocity and thus decreased the impedance contrast.  

 
Multiple HVSR recordings can be modeled together into a 2D profile if several assumptions are 
made concerning the shear wave velocity near the surface and the gradient at which the shear wave 
velocity increases with depth (typically due to increasing density with depth).  In this case, profiles 
of the H/V ratio with depth and linear distance provide a way to trace impedance contrasts spatially 
in order to view alluvial thickness or linear zones of increased fracturing.  In some circumstances, 
velocity contrasts within surficial sediments are also sufficient to result in minor H/V peaks which 
can be picked out as layers or lenses within the sediment.  
 

 
 

 
Thickness (m) Vs (m/s) Interpretation 

26 300 Medium-grained alluvium 

inf. 680 Fractured limestone 

FIGURE 14 – EXAMPLE AMPLITUDE SPECTRA FOR THE THREE ORTHOGONAL COMPONENTS RECORDED BY THE 3D SEISMOMETER 
IN THE FREQUENCY DOMAIN AND EXAMPLE HORIZONTAL-TO-VERTICAL (H/V) RATIO CALCULATED FROM THE THREE 
ORTHOGONAL COMPONENTS WITH AN INTERPRETED SEISMO-STRATIGRAPHIC PROFILE.  

 
Northwater records HVSR data using the TrominoTM 3G Seismograph manufactured by MOHO 
and analyses the data using the companion Grilla software provided by MOHO.  The TrominoTM 
is a high-throughput broadband 3D seismometer with three distinct velocimetric channels with 
adjustable dynamic range of +/- 1.5 mm/s to +/-5 cm/s, three accelerometer channels, one analog 
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channel for external trigger, a built-in radio transmitter/receiver and a built in GPS receiver.  
Recording frequencies range from 0.1 Hz to 2048 Hz.  
 
Typical HVSR surveys record at 128 Hz for between 12 and 26 minutes at each station. The data 
is then processed by the Grilla software and each recording is manually cleaned and analyzed in 
windows between 20 and 60 second length, depending on the depth of investigation. Once the data 
is cleaned and converted to frequency spectra, trends are analyzed and assumptions regarding 
shallow shear wave velocities are developed.  Whenever possible, shear wave refraction is also 
performed for at least one representative site in order to provide a starting shear wave velocity.   
 
Using the Grilla software, velocity-thickness models are developed for each recording. For this 
study, the three HVSR peaks typically observed were 1) soil, 2) alluvial and colluvial deposits, 3) 
igneous and volcano-sedimentary bedrock.  Once a consistent and plausible set of subsurface 
models is developed, the data are compared along survey lines in order to estimate zones of 
anomalous subsurface properties such as thicker colluvium, weathered zones or more fractured 
bedrock.  
 


