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Preface 

Ground temperatures have been used extensively at the research level to detect sub-surface water 

flow along faults, vertical water flow between aquifers and rates of percolation and recharge at the 

surface, etc. Temperature analyses have also been invoked in practical applications such as the 

detection of water circulation in geothermal resource areas, locating permeable zones in well 

injection operations, detecting seepage through dams, or to demonstrate degree of groundwater 

exchange in possible waste landfill. The scales involved in these various projects are local, regional 

or continental. 

This report examines the extent to which prec1s1on temperatures might contribute to a 

multidisciplinary study of the geology and hydrogeology of the Oak Ridges Moraine, an important 

source of potable water for the northern Greater Toronto Area, Ontario. As a pilot study, precision 

temperatures were measured in some 38 wells in the Oak Ridges Moraine and examined for some 

of the classical signatures of groundwater advection and fracture flow, recharge and wellbore flow. 

There are numerous theoretical, analytic models of such phenomena in the literature, and appropriate 

theoretical equations were fitted to the observed temperatures to illustrate the level of agreement, and 

in some cases, to derive directions and rates of flow. These interpretations could be made without 

knowledge of parameters, such as head or permeability, so are very complementary to traditional 

hydrogeologic techniques. 
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Summary 

The Oak Ridges Moraine Project is an initiative of the Geological Survey of Canada (GSC) to study 

the hydrogeology of the Oak Ridges Moraine, a geological structure traversing the north side of 

Greater Toronto Area used extensively as a source of water for the regions of Peel, York and 

Durham. From 1993 to 1995, the GSC made some 51 temperature logs on 31 community water level 

monitoring wells and 7 science holes in the Oak Ridges Moraine to ascertain the contribution that 

ground temperatures could make to the hydrogeology (Fig. 1.0, Table 1 ). Ground temperatures have 

been used extensively at the research level to detect water flow along faults , vertical water flow 

between aquifers and rates of percolation at the surface, etc. (Appendix C surveys some of the 

research applications and provides a short bibliography). In this report, the geothermal program is 

briefly described and the data are provided in graphical form, with some preliminary interpretation 

and modelling of particular features observed. 

The GSC and the Ontario Geological Survey (OGS) drilled several carefully located science holes 

for multidisciplinary studies, and temperatures in these holes exhibit features that have been 

mathematically modelled in terms of groundwater movement. In the Region of York, GSC hole 

1 MC has small steps in the temperature-depth profile (Fig. 1.1) that are characteristic of water flow 

into a well bore and up (or down) the well bore. Modelling of the 1993 data (Figs. 1.2, 1.3) suggests 

some 12 litres/hour is entering near the bottom of this well, flowing up the wellbore and exiting 

some 15 metres above (Fig. 1.4). A smaller inflow occurs around the 66 m depth and flows down, 

leaving the wellbore at 74 m; piezometers located above and below this latter zone give heads that 

are consistent with this flow direction. At GSC hole 1 VD, a small flow moves downward through 

the wellbore around 107 m, and this is also consistent in direction with piezometer heads. GSC hole 
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2MC shows evidence of down flow within the wellbore between 123-134 m, also consistent with 

piezometer heads. At OGS 9315, a pronounced peak in temperatures (Fig. 2.1) has been modelled 

in terms of a subhorizontal fracture or permeable zone that carries water of surface origin on a 

seasonal basis. A similar, smaller peak on the 1993 log that is absent on subsequent logs suggests 

a zone where drilling fluid was absorbed in the drilling of the well. This illustrates how a 

temperature log taken shortly after drilling can identify fractured or porous zones through this 

temporary thermal storage effect. All logs on OGS 9316 exhibit a bow-shaped feature extending 

over a 50-m interval in the temperature profile (Fig. 3 .1 ), a portion of which fits the mathematical 

model of upwards water movement within the formation at a rate of about 0.6 m/year (Figs. 3.2, 3.5). 

However, heads from piezometers some 3 km distant suggest downward flow. Figures 3.6 and 3.7 

show that temperatures do not fit a model of flow within the borehole (as at IMC), and the 

interpretation of the OGS 9316 profile is a local effect. 

Despite the success in using community water monitoring wells for such purposes elsewhere, this 

study found that water wells available to us in the Oak Ridges Moraine area were disturbed by close 

proximity (metres to tens of metres) to community pumping wells and generally no interpretation 

of the regional character of the hydrogeology could be attempted. This is unfortunate, since 

monitoring wells are numerous, widespread and available without cost. 
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1.0 Introduction 

The effect of groundwater flow on the subsurface geothermal regime has long been recognized (see 

Appendix C and references therein). While not a routine measurement in hydrogeology, ground 

temperatures have been used extensively at the research level to detect water flow along faults, 

vertical water flow between aquifers and rates of percolation at the surface, effects of pumping and 

injection, calculation of aquifer properties, and thermal pollution of groundwater due to discharge 

of waste heat (or heat pumps) in the ground or lakes. Subsurface temperatures may be used as a 

tracer for detecting groundwater movement, because heat in the subsurface is transported not only 

by conduction but also by water movement. Unlike standard hydrological techniques in wells and 

use of chemical tracers, temperatures of the formations can be measured in cased holes with no direct 

communication to the aquifer. Temperature measurements have detected regional groundwater flow 

that would be difficult to detect (or rates too low to measure) by other methods; such very low rates 

can be calculated solely because precise temperatures can be measured over large depth intervals. 

The thermal signature of subsurface water movement is achieved because of the large amount of heat 

carried by water. The specific heat and thermal capacity of water is large, approximately five times 

that of rock. If water migrates at rates more than a few millimetres per year over distances of 

kilometres, it becomes a significant process in thermal transport of heat and is measurable in 

subsurface temperatures (e.g. Andrews-Speed et al. , 1984). 

This report contains all the temperature logs measured over 3 seasons (1993-95) on holes in the 

Regions of York, Peel and Durham, southern Ontario (Fig. 1.0, Table 1), as part of the Geological 

Survey of Canada's Oak Ridges Hydrogeology Project (Sharpe et al., 1996). Thermal modelling of 

anomalous thermal features observed in these logs is undertaken for several holes and general 

comments are tabulated for the others. Appendix B contains examples from the literature of a 

variety of temperature profiles where anomalies are attributed to hydrological effects. This suggests 

a variety of applications of ground temperature measurements in hydrogeology, but is not meant to 

be complete. 
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1.1 The Oak Ridges Geothermal Program 

In 1993-1995, temperature logs were taken in some 37 wells in the Peel, York and Durham region, 

Ontario (Fig. 1.0). Most wells were holes of opportunity, abandoned test wells drilled in the course 

of water surveys, but a few were drilled specifically for scientific purposes by the Ontario Geological 

Survey (OGS) and the Geological Survey of Canada (GSC; Pullan et al., 1994; Sharpe et al., 1994; 

1996). In general, the former wells were located in the vicinity of active pumping wells used for 

community water service, and the temperatures were generally not useful for regional perspectives. 

Wells were logged for temperature with in-house equipment. Quasi-continuous logs, that is with 

measurement depth-intervals of a few centimetres, were run in most holes. In 1993 and 1994, the 

temperature probe was a digital, self-contained temperature data logger (Brancker Research XL 

series) with resolutions of0.006 K (some 1993 logs had less resolution) and a time constant of2 or 

3 seconds; this probe was not designed originally for continuous temperature logging. In 1995, most 

logs were undertaken with an digital IFG, Inc. logging system, with a resolution less than 0.001 K. 

Logs were taken as the probe was lowered down the wellbore at a rate of 1.5 m/minute or less. Some 

logs (e.g. all wells in the Peel region, and logs in York and Durham that have a coarse depth interval) 

were taken using a manual winch system for which an older style analogue probe was stopped for 

a minute at about I -metre intervals and the temperature recorded. This was necessary when the 

access hole to the well was smaller than the 6 cm diameter XL or 3 cm IFG probes, or for initial logs 

on a hole of unknown possible obstructions. 

Table I lists the wells logged by region. Appendix A. describes features observed in the temperature 

profiles that might be attributed to hydrogeological effects. Appendix B contains graphs of the 

corresponding temperature logs. 
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Table 1. Location and details of wells logged in this study. 

Item 
Name/Number 

UTM 

I I 
Depth logged 

I Northing Easting Date 
Number moe (m) 

DURHAM 
I Ministry ofEnvironment (MOE) W-1 17 4878940 687880 40 11 /03/94 
2 Ministry ofEnvironment (MOE) W-2 17 4878940 687880 152.1 11/03/94 
3 Ministry of Environment (MOE) W-8 17 4881680 687860 195 11 /03/94 
4 Ministry ofEnvironment (MOE) W-10 17 4882100 687500 195 11/03/94 
5 Whitevale Pl-160 17 4858464 647295 I 58. 1 I 0511 5195 
6 Whitevale Pl-260 17 4860433 646626 68.8 05117195 
7 Whitevale Pl-29B 17 4858975 645890 54.6 05116195 

PEEL 
8 Bolton #6 -1Wl-88 17 4859005 599825 104 08/03/94 
9 Caledon East #I - Granite Stones 17 4858075 589455 56.6 03/08/94 
10 Bolton #4 - TW2-72 17 4859250 601455 51.6 08/04/94 
II Centreville - Holly Park I 17 4862200 594550 41 08/05/94 
12 I Caledon East #3 - 1W 4-77 17 4858020 591545 44.9 08/04/94 
13 I Caledon East #3 - 1W 1-77b 17 4858100 591355 39.4 08/04/94 
14 Palgrave #2 - 1W6-72 17 4867300 594750 46.2 08/04/94 
15 Mono Mills #6 - 1W2-90 17 4864095 582850 47.6 08/05/94 
16 Caledon Well #4 17 4856360 576625 58.7 08/05/94 

YORK 
17 Queensville #8 - Test Well IOA/82 I 17 4886250 624250 104.8 07/26/94 
18 Queensville #7 ·Test Well 9-88 17 4886400 624210 104.9 07/26/94 
19 Queensville #5 - Test Well 8/88 17 4888930 625800 74.8 07/26/94 
20 Queensville #6 - Test Well 2/88 17 I 4886785 626175 66 07/26/94 
21 Oak Ridges Test Well #3 17 4866530 623940 109.1 07/27/94 
22 Queensville #9 - Test Well 1/91 17 4885775 622250 105 07/28/94 
23 Mitchell I 17 4866210 624050 120.1 07/27/94 
24 Henderson Road 17 I 4870300 621600 126.9 07/27/94 

128.4 08/24/93 
25 Collis I 17 4872350 622750 78.6 07/28/94 
26 OGS 93-16 17 4876150 634650 88.6 03/22/95 

91 07/25/94 
89.6 07/ 16/94 
89.6 09/ 16/93 

27 OGS 93-17 17 4876000 640500 86.5 03/23/95 
89.8 07/ 13/94 

89.8 09114193 
28 OGS 93-15 17 4979200 635700 84.8 03/24/95 

83.6 07111194 

I 83.6 09/14/93 
29 OGS 93-19 17 4872450 643900 88.7 03/23/95 

89.9 07/ 12/94 

I 87.7 09/ 15/93 
30 IMC· McCowan Road (GSC-BH-MSR-01) 17 4882400 I 633400 107.8 03/22/95 

107.1 07/ 14/94 
31 2MC . Mccowan Road (GSC-BH-BAL-0 I) 17 4876150 634650 155.4 03/22195 

157 10/ 13/94 

32 !VD· VandorfSide Road (GSC-BH-VSR-01 ) 17 4873050 630150 123.9 07/ 12/94 

33 Ozark 17 4866330 624400 92.5 07/ 13/94 
87.4 09/ 15/93 

34 I Bales Road North 17 4881550 627900 55 .6 08/24/93 
35 Bales Road South 17 4881250 628500 55.1 08/23/93 
36 Newmarket Well #2 17 4878320 621920 66.8 08/24/93 
37 Aurora #5 17 4874755 622655 93.1 08/26/93 
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2.0 Models of some temperature profile anomalies that imply groundwater movement 

Several temperature-depth profiles were modelled in terms of the effect of water advection within 

the formation, flow along zones or faults, flow within the wellbore, and storage effects due to 

drilling. In this section, these temperature profiles are analyzed using simple analytic models found 

in the literature. Wells drilled in the proving of community water supplies showed thermal features 

that are probably due to more massive hydrologic effects, i.e. pumping from nearby wells. 

Numerical hydrogeologic models that include the temperature field might be used on this latter data 

set, but generally inferences would be of local, rather than regional perspective. 

Seven wells are discussed in detail in this section, with graphs illustrating the modelling done. 

Refer to Appendix B for graphs showing all the logs done on the particular well. 

2.1 lMC McCowan Road (GSC-BH-MSR-01) 

This 15 cm diameter borehole was instrumented with two access tubes, one of which is 7.5 cm in 

diameter and extends to near the total depth, and is screened between 90-93 m. The 15 cm borehole 

was backfilled with sand, with bentonite plugs sealing off the screened interval above and below. 

Another piezometer tube monitored the head at 44-4 7 m. The temperature logs were run in the 7 .5 

cm access tube in surru:ller 1994 and spring 1995. Features common to both logs below 80 m appear 

to be displaced by about 1.5 m, suggesting some slippage occurred on one log or different ground 

"zero" points were used (see Appendix B). Both temperature logs show distinct signatures of 

wellbore flow within two intervals, and possibly of recent warming of the ground surface at the 

wellhead (Fig. 1.1 ). 

A temperature-depth gradient of 12 mK/m fits the general trend of temperatures at mid-depths, 

suggesting a lithology of fairly high thermal conductivity; this is consistent with the general sandy 

lithologic description. The linearity of the profile in this section (except for the well bore flow 

features to be discussed below) suggests that the thermal properties of the sands, silty clays and 

diamicton are nearly identical. A gradient of 32 mK/m is established in the bottom few metres of 

the hole, suggesting a lower formation of fairly low thermal conductivity. The step-like departures 

from this slope may be attributed to water entering the wellbore at one level, flowing within the 

borehole, and out at another. Only the anomalous features in the 1994 log will be discussed in detail. 
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I 03 - 89 m: it appears that water flows into the wellbore from the formation near 102 m, and flows 

up the borehole with further inflow from the formation at 101 and 97 m. Water flows out of the 

borehole into the formation around 89 m (Fig. 1.1). The shape of the temperature profile between 

an inflow and another inflow (or an outflow) is directly related to the rate of heat transfer between 

the moving fluid and the formation surrounding the wellbore. Water comes into the borehole at the 

temperature of the formation, and the borehole provides a conduit. 

Ramey (1962; or see eq. 14 in Mansure and Reiter, 1979) provides an expression for the disturbance 

to the temperature profile due to water flow within a borehole. This equation has been fitted to the 

temperatures in the 3 intervals A, Band C (Fig. 1.4) to calculate the wellbore flow in each section. 

The fitting procedure is demonstrated for interval C (Fig. 1.2); the step-in-temperature nature of the 

1994 data results from the limited resolution of the probe (0.007 K). The solid curve is Ramey's 

equation for the borehole flow giving the best fit (3.3x10~m3/s). The fit just above the inflow might 

be improved by specification of a slightly lower formation (inflow) temperature. When the water 

reaches 89 m, the borehole water still has a temperature in excess of the formation temperature at 

this point, and since wellbore temperatures return abruptly to near formation temperatures just above 

89 m, the flow must exit at this point through the screen. The mathematical model shows that 

hypothesizing a higher rate of borehole flow (short dashed curve) would result in too large a 

departure from formation temperatures, while a lower rate (long dashed curve) would create less 

disturbance than observed. 

For the above fit, a thermal conductivity of3.5 W/mK was specified. No conductivity measurements 

were made, but this value is typical of silty sands and was estimated by dividing the terrestrial heat 

flow for the region ( 40 m wm-2; Jessop et al., 1984) by the geothermal gradient in this section (12 

mK/m). Figure 1.3 indicates the sensitivity of the fit, for the same flow rate, to specification of 

formation thermal conductivity: 2 and 5 W/mK are typical of silty or sandy clays and quartz-rich 

sands, respectively. Lower conductivity formations would result in less cooling of the wellbore fluid 

as it moves up the borehole, and hence higher wellbore temperatures, than are observed. 

Fits to the wellbore temperatures in intervals A and B are made similarly; by subtraction we can infer 

the water inflow at intermediate points (Fig. 1.4). In all, about 12 litres per hour is flowing out of 

the hole near 89 m into the sand aquifer. It appears that no or very little water is flowing within the 

borehole just above 89 m, since the gradient is undisturbed; this suggests that the upper bentonite 

plug (about 75-82 m) provides a seal, whereas the lower plug (around 100 m) clearly does not. Also, 
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3 distinct flows into the well appear below the bottom of the screened interval, suggesting the bottom 

plug of the access tube and lower joint may leak, or that there is flow within the sand-filled annulus. 

The calculated flow rates may vary by 50% depending on the value of thermal diffusivity chosen (see 

discussion for OGS 9315). Also, Ramey's theory is for unobstructed flow in a single hole. This hole 

contains access tubes surrounded by sand, so the geometry and possible flow paths through the sand 

are considerably different from Ramey's model. 

66- 74 m: water flows into the hole near 66 m from the sand aquifer, lowering temperatures slightly, 

flows down the borehole, and leaves the borehole around 73 m (top of the bentonite plug) at the silty 

clay/diamicton interface, where there is a small, sharp increase in temperature to the background 

gradient (Fig. 1.1). The 1995 log does not indicate this flow (Appendix B). Because of the limited 

temperature resolution, this borehole flow has not been modelled, however, it is less than the upward 

flow detected in the deeper interval. Notice that the temperature signature for flow down the 

well bore is the opposite of that for flow up the borehole. 

Piezometers were installed at 91 m and 45 m. The total heads measured at four dates in 1994 are 

6 m greater at 45 m than at 90 m, suggesting a downward flow between these depths. Note that this 

is consistent with the geothermal interpretation of downward flow between 66-74 m. The upward 

wellbore flow between 103-89 m occurs deeper than the lower piezometer installed at 90 m, so there 

is no relative head information to confirm this interpretation. 

JO m to 55+ m: the temperature profile in this interval represents two temperature inversions that 

probably arose from recent changes in ground surface temperature (Fig. 1.1 ). In the July 1994 

temperature log, the variation to 10 m below the water table is recording the past winter and 

preceding summer air temperatures that have diffused downwards from the surface. The temperature 

inversion between 55 m and about 30 m may result from an increase in ground surface temperature 

around 1988 (clearing of site?). 

FIGURE CAPTIONS for lMC 

Fig. 1.1 IMC, McCowan Road, July 1994 log with lithology. Geothermal gradient lines 

reflect temperature gradients appropriate to the lithology and serve to show 
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Fig. 1.2 

Fig. I.3 

Fig. 1.4 

temperature departures caused by water flow into and out of the borehole, as 

indicated. 

IMC, fit ofRamey's (1962) model for upward flow of water within the borehole, and 

sensitivity to hypothesized higher and lower rates of borehole flow. At depths above 

97 m, temperatures measured in the wellbore are higher than the formation because 

of the movement of water up the borehole. Best fit suggests a flow rate of 3.3x10-

6m3/s (12 litres per hour). 

IMC, sensitivity ofRamey's model to choice of thermal conductivity, assuming the 

same flow rate. This shows that temperatures measured in this interval would be 

even higher in a clay or shale lithology because of the reduced capacity of low 

conductivity formations to conduct away the excess heat being carried upwards by 

the water. 

IMC, summary of the wellbore flow regime below 89 m. Flows into the wellbore 

103-89 m accumulate and exit the wellbore just below 89 m. The upper bentonite 

seal is at 78-82 m. 
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2.2 OGS9315 

Four logs were taken on this well between 1993 and 1995 (Pullan et al., 1994; see Appendix A, one 

log is not shown). Figure 2.1 shows the four logs offset from one another for clarity. The coarse 

digital resolution of temperature (0.02 K) for the 1993 and the July 1994 logs results from the 

particular probe used; the other two logs were taken with probes having resolutions 5-10 times better 

than this. Below 40 m, the four temperature logs are very similar, with a temperature-depth gradient 

of 8 .2 mK/m, which persists to the bottom of the hole. If we assume that this is the geothermal 

gradient, then for a regional terrestrial heat flow of approximately 40 m wm-2 (Jessop et al., 1984 ), 

this gradient implies a moderately high thermal conductivity (5 W /mK) for the silty, sandy diamicton 

encountered below 4 3 m. 

The temperature logs on this hole (and those at OGS9317 and OGS9319, some 5.2 km and 9 km to 

the southeast, respectively, see Appendix B) show features that might be attributed (a) to transient 

flow along a geological contact or (b) to the transient storage of heat in a porous zone following 

drilling. 

Anomaly around 17 m: this major feature appears as a temperature peak and occurs in a silty, very 

fine sand interval (16 mat OGS9317 and OGS9319), and temperatures decrease both above and 

below this peak (Fig. 2.1 ). At about 40 m, temperatures approach asymptotically the geothermal 

gradient. 

The character of this anomalous feature suggests onset of flow of water along a thin subhorizontal 

permeable zone. Following the theory developed by Bodvarsson (1973, eq. 2-4), initiation of a flow 

introduces a temperature anomaly which gradually diffuses vertically into the formation above and 

below, increasing the width with time but maintaining the amplitude of the peak. 

For this data, the width appears to vary little from one log to another, but the amplitude is slightly 

smaller on the spring logs, and the contrast to the sharper summer peaks suggests that the causative 

event is repeated seasonally (Fig. 2.1). The amplitude on the summer logs is about 0.35 K above the 

geothermal gradient extrapolated from the deeper temperatures. 

Two modelling strategies were tested on the 1993 profile. (1) a thermal diffusivity of lxl0-6 m2/s, 

generally typical of rock, was used with Bodvarsson's theory to model for the curvature below the 

13 



peak. Modelling the September 1993 profile suggests the flow started about 1. 7 years before the 

measurement (i.e. early 1992, Fig. 2.2). The curved section of profile above 17 m might be analyzed 

similarly, but the proximity to the water table results in seasonal effects extending into the zone of 

interest; Ziagos and Blackwell (1981) give a more refined theory for this portion due to its proximity 

to the surface. Modelling the July 1994 log taken a year later yielded a similar time ( 1. 7 5 years), 

suggesting the originating event occurred in early 1993 (not 1992). This presents a causal 

conundrum if a single event associated with drilling the well is assumed, but confirms the visual 

impression that there is little difference between the spring/summer curve sets for the two years and 

that a seasonal cause is more likely. (2) a thermal diffusivity of 2x10-6 m2/s is used in the theory: this 

is somewhat higher than expected for geologic material but consistent with a convective contribution 

to heat transfer that might be induced by the higher temperature gradient (22 mK/m) within the peak 

region. This yielded an onset time for the flow of about 0.8 years before the logs were measured, 

a time that is acceptable to a seasonal event. The fit and bracketing times for this model are shown 

in Fig. 2.3. 

The geological interpretation is that some water (the theory does not provide the magnitude) flows 

along a permeable horizon and repeats annually, increasing in temperature in the spring to create a 

(maximum?) peak each summer. We might conjecture that every fall the peak dissipates. Peak 

temperatures are greater than the geotherm, suggesting a surface origin for the water. 

The geophysical logs provide some support (Pullan et al. , 1994). InOGS9315, -17 and-19, the peak 

of the temperature anomaly occurs in a local minimum in the density log, and in OGS9315 and -19, 

the peak lies in a low electrical conductivity zone. These log responses suggest a porous zone that 

might allow fluid flow in a sub-horizontal sense. 

Anomaly at 21 and 30 m: the small temperature anomalies ("spikes" towards lower temperatures) 

in 1993 are somewhat larger in 1994 and absent in 1995 (Appendix B, and Fig. 2.1). Possibly a 

seasonal flow effect, similar to the major anomaly at 17 m. 

Anomaly at 3 7 m: Amplitude is 0.1 Kin 1993 log, but anomaly has disappeared by 1994 (Fig. 2.1 ). 

This suggests the thermal storage of drilling fluid. Drilling fluid at a temperature different from the 

formation temperature may have invaded a porous zone at 3 7 m while drilling the hole, and the 

excess temperature dissipates with time. For this scenario, the form of the anomaly expected from 

theory is a spike, the amplitude of which decreases with time and the width increases with time; the 
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peak would disappear eventually. The analysis is different from that used at 17 m and requires 

estimates of the duration of drilling times, fluid temperatures and the quantity of fluid that invaded 

the fractured or porous zone (e.g. Drury et al., 1984); it will not be attempted here because oflack 

of estimates of these parameters. 

This feature occurs in a very fine to fine sand unit; the geophysical logs show no particular signatures 

that correlate with this temperature anomaly. This example illustrates how temperature logs shortly 

after a hole is drilled may detect unusually permeable, porous or fractured zones through storage of 

a drilling fluid at a temperature different from the formation; such zones may not be detected 

otherwise if they are not transporting groundwater. 

FIGURE CAPTIONS for OGS9315 

Fig. 2.1 

Fig. 2.2 

Fig. 2.3 

OGS9315, summer and following spring logs, two successive years; logs are offset 

from one another for clarity. Difference in temperature resolution arises from the 

probes used. Geothermal gradient line extrapolated from deeper temperatures (for 

930914) shows temperature anomaly attributed to either thermal storage initiated 

during drilling or recent initiation of flow along a thin permeable zone. 

OGS9315, models of the thermal effect of subhorizontal water flow along the 

horizon "A", after Bodvarsson (1973). A thermal diffusivity value of 

1x10·6m2s·1, typical of rock, was used in the calculations shown here, which gave 

onset times that are too large considering similar features on the later logs. 

As above, but models using a thermal diffusivity value of 2xl0-6m2s·1 that would 

imply some thermal convection as well as conduction. A higher thermal diffusivity 

value is required to force a "seasonal" fit (see text). 
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2.3 OGS9316 

Four logs Were taken on this hole (Pullan et al., 1994; Appendix B); small differences in temperature 

from one log to another probably arise from variability in the absolute calibration of the temperature 

probes used. Except for near-surface seasonal variations, temperatures above 20 m and below 75 

m have a common linear trend that is interpreted as the geothermal gradient (13 mK/m; Fig. 3 .1 ). 

The thermal conductivity implied from the assumed value of terrestrial heat flux (40 mwm·2
, Jessop 

et al., 1984) is 3 W/mK, typical of the medium to fine sands reported. 

Bow-shaped anomaly, 20-77 m. Bredehoeft and Papadopulos ( 1965) developed a theory that 

attributed such curvature to the upward movement of groundwater through a semi-confining layer 

separating aquifers. The effect is such that at a particular depth, temperatures are higher than 

expected, based on the geothermal gradient (downward flow would lower the temperatures and 

create a concave-upwards bow feature in the temperature profile). Where such a formation flow 

exists, the theory indicates that a plot of temperature-depth gradient versus temperature is linear, with 

a slope proportional to the rate of water movement (e.g. Mansure and Reiter, 1979, eq. 5). In Figure 

3.2, such a plot is linear between 6.6°C and 7.2°C (about 20-60 m) and non-linear outside this 

interval; an upward flow of 0.6 rn/year is calculated from the slope. Similar plots for the 1994 and 

1995 logs also exhibit linear sections (Figs. 3.3, 3.4). Alternatively, the theoretical equation may be 

fitted directly to the measured temperatures (Fig. 3 .5), showing an excellent fit to the data and giving 

a similar advection rate. Note that the calculation gives the vertical component of the flow through 

this zone; there probably is a horizontal component, but this is unlikely to show up thermally (see 

the two-dimensional theory developed by Lu and Ge, 1996). 

The theoretical model indicates that the anomalous temperatures develop due to flow from one 

aquifer to another, through a less pervious lithology. In this well, the lithology of the bow interval 

consists of silty very fine sand to very fine sand rhythrnite sets and clay caps; massive, loose very 

fine sand lies above it (<32 m) and a silty clay unit lies below (>60 m). Fine to medium sand with 

heavy mineral laminations lies deeper (>75 m). Qualitatively, the silty very fine sand rhythmites of 

the bow interval may be less pervious than the loose very fine to medium sands lying above and the 

silty clay unit below, creating a semi-confining layer separating two aquifers. 

According to this model, the temperature anomaly implies that the head in the lower aquifer below 

61 m is higher than in the upper aquifer above 31 m, such that water is forced upwards through the 
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semi-confining zone. However, piezometers were installed in hole 2MC at 37 m and 92 m (adjacent 

to OGS9316), and the head is lower at the greater depth, requiring a net downwards flow contrary 

to the geothermal interpretation at OGS9316. This discrepancy remains unexplained; however, we 

look for alternate explanations of the bow-shaped feature. 

Effect of thermal conductivity variation: The bow-shaped section reflects a monotonic decrease of 

temperature gradient with depth that might be attributed to an increase in thermal conductivity. 

Measurements of thermal properties were not made. However, the average temperature gradients 

between 20-30 m (20 mK/m) and 60-70 m (9.5 mK/m) imply conductivity values of about 2 and 42 

W/mK, respectively, opposite in sense to that typical of the described lithology: i.e., the upper sand 

would be expected to have a higher thermal conductivity than the lower silty clay and silt. Hence, 

it is unlikely the bow-shape arises from a gradual variation in thermal conductivity. If conductivity 

data were available, the previous analysis could be normalized for the effect of conductivity 

variations by considering a thermal depth rather than depth (e.g. Jessop, 1990) or by using the plot 

of apparent heat flow (temperature gradient x thermal conductivity) versus temperature (Reiter et 

al., 1989). 

Upward flow of water within the wellbore: There are two difficulties with this hypothesis to explain 

the bow-shape. First, there is no visible signature on the temperature logs of water flow into (or out 

of) the well (see discussion on IMC, above). Second, the shape of the bow nowhere approximates 

that expected for flow up the wellbore, based on Ramey's (1962) theory. Assuming an inflow at the 

base of the bow section, for instance, theory predicts well bore temperatures that do not match the 

temperatures measured (Fig. 3.6-3.7). 

FIGURE CAPTIONS for OGS9316 

Fig. 3.1 

Fig. 3.2 

OGS9316, four temperature logs offset for clarity. Geothermal line reflects a 

temperature gradient appropriate to the silts and silty-sand lithology, and serves to 

show the temperature departure (bow shaped feature) that is attributed to upward 

flow of water through the formation. 

OGS9316, temperature-depth gradient versus temperature, 1993 log. The section of 

the hole where the plot is linear is a signature of vertical flow within this section, of 
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Fig. 3.3 

Fig. 3.4 

Fig. 3.5 

Fig. 3.6 

Fig. 3.7 

a magnitude proportional to the slope, with a negative slope implying flow upwards 

(after Mansure and Reiter, 1979). 

As above, 1994 log. 

As above, 1995 log. 

OGS 9316. Mathematical fit (solid line) of Bredehoeft and Papadopoulos (1965) 

theory for vertical advection of groundwater through a semi-confining layer between 

two aquifers to the data (points). 

OGS 9316. Ramey's (1962) theory for flow of water upwards within the well bore, 

at 3 rates, to show lack of fit of such well bore flow to the data. 

As above, detail of the lack of model fit to the data. 
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2.4 2MC McCowan Road (GSC-BH-BAL-01) 

Two temperature logs are available (fall 1994 and spring 1995, Appendix B). The water level in the 

borehole is at about 50 m depth. The hole is air-filled above this and temperature data from 0 to 50 

m depth in the October 1994 log are thus air temperatures, not those of the adjacent formations. A 

section of down wellbore flow (125-134 m) is evident in the 1995 log (compare 66 m-74 mat IMC, 

Fig. 1.1 ), but not the 1994 log; possibly a seal deteriorated during the interim 7 months. Piewmeter 

readings in both 1994 and 1995 at 40 m, 94 m and 132-135 m indicate a tendency for downward 

flow. This hole is nearby OGS 9316, but the logs do not show the bow-shaped feature (at 20-77 m) 

described above; also, a plot of temperature gradient versus temperature does not reveal a linear 

section (Fig. 4.1). 

FIGURE CAPTION for 2MC 

Fig. 4.1 2MC McCowan Road. Temperature gradient versus temperature (after Mansure and 

Reiter, 1979), to show lack of clear linear section that would suggest vertical 

movement of water in the formation. 
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2.5 lVD Vandorf Side Road (GSC-BH-VSR-01) 

The temperature profile consists of a number of sections of distinct linear temperature-depth 

gradient, and a close correlation with the lithology can be seen (Fig. 5.1). The deepest segment has 

a gradient of 19 mKJm in sand, suggesting a thermal conductivity of about 2 W /mK, based on the 

terrestrial heat flow value for the region ( 40 m wm-2
; Jessop et al., 1984). The gradient in the upper 

sand (11 rnKJm) implies a conductivity of 3.6 W/mK, more typical of sand. The deepest clay unit 

has a gradient of24 mKJm (not shown in Fig. 5.1), implying a conductivity of 1.7 W/mK. 

A short section (a few metres) of wellbore flow occurs below 100 m, leaving the wellbore around 

107 mat the clay-sand to clay contact (compare 66-74 mat IMC, Fig. 1.1). Piezometers are 

installed at 61mand123 m, and yield heads that give a downward tendency to water movement (L. 

Dyke, pers. commun., 1996), consistent with the geothermal interpretation. 

FIGURE CAPTION for 1 VD 

Fig. 5.1 1 VD V andorf Side Road, July, 1994 log. Geothermal gradient sections correlate with 

the lithology. A short interval of flow down the wellbore is indicated around 107 m. 
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2.6 Bolton #6 

One log was taken at this test well (Appendix B), situated some 30 m from a community well being 

actively pumped. The higher temperature gradient near the bottom of the well probably reflects the 

silty (some clay) lithology (Fig. 6.1). The upper hole is in silt, sand and some gravel. The 

temperature gradient versus temperature plot (after Mansure and Reiter, 1979) shows a linear section 

through this interval but interpretation is uncertain in this disturbed environment. 

FIGURE CAPTION for Bolton #6 

Fig. 6.1 Bolton #6. Temperature gradient versus temperature, to show linear section that 

suggests possible vertical movement of water in the formation. 
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2.7 MOE W-8 

One temperature log was run on this well in November, 1994. The temperature-depth gradient 

gradually increases with depth, creating a bow-shaped profile concave upwards (Appendix B). The 

temperature gradient versus temperature plot (after Mansure and Reiter, 1979) does not appear to 

have a linear trend and shows considerable scatter (Fig. 7 .1 ). The bow-shaped nature of the log 

probably reflects the lithology (thermal conductivity effect due to corusening upwards from clay till 

through silty sandy till through to gravels in the upper 80 m) other than an increase in surface 

temperature over the past few centuries. 

FIGURE CAPTION for MOE W-8 

Fig. 7.1 MOE W-8. Temperature gradient versus temperature, to show lack of clear linear 

section that would suggest vertical movement of water in the formation. 
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3.0 Conclusions 

Of the well temperature data examined in this study, only those from holes drilled specifically for 

scientific purposes yielded features that were interpreted in terms of regional subsurface flow. Wells 

drilled in the process of developing community water sources were within metres or tens of metres 

of pumping wells, and temperature profiles appeared to reflect this proximity. 

The following styles of regional or local subsurface water flow are apparent in the interpretation of 

temperature profiles at the science holes: 

1. Flow into a well bore at one level, up or down the well bore, and out of the well at another level. 

The rate of flow (about 12 litres/hour) was determined solely from interpretation of the temperature 

profile. Piezometer data were used to support the direction of flow interpreted from the temperature 

logs. 

2. Flow along a sub-horizontal fracture or permeable zone that a wellbore intersects, showing 

evidence of the seasonal nature of the flow. The interpretation is supported by a local minimum in 

the downhole density log. 

3. Flow forced into a porous zone during drilling. This occurred in a fine sandy unit, but there 

appears to be no supporting evidence in the logs. 

4. Flow upward through a semi-confining layer separating aquifers. Fitting a theoretical analytic 

model of this flow to the temperature profile illustrated the excellent fit of the data to this 

interpretation and yielded a flow rate without knowledge of permeabilities (0.6 m/year). Logs 

suggest that the material in the anomalous temperature area is very fine sand rhythmite sets and clay 

caps, which may create a semi-confining layer. Piezometers at an adjacent hole do not support the 

interpreted direction of flow, so this discrepancy remains unexplained. 
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Appendix A 

Summary of comments on borehole temperature logs 





HOLE# 

YORK REGION WELLS 

undisturbed Description and comments 

gradient 

(mK/m) 

OGS/GSC holes 

IMC (GSC-BH-MSR-01) 12 & 32 66-74 m, flow into wellbore near 66 m from sand 

aquifer, leaves borehole near 74 m at silty 

clay/diamicton contact, consistent with piezometer 

record; 89-103 m, flow into well near 103 m at 

diamicton/bedrock contact and at two locations above; 

forced out of borehole at bentonite plug near 90 m. 

Modelling suggests 12 litres/hour leaves borehole. 

2MC (GSC-BH-BAL-01) 

lVD (GSC-BH-VSR-01) 11, 13, 24 

OGS9315 8 

30 m from road in 20 m high pine grove; adjacent to 

OGS9316, similar profile but no signature of upward 

flow in the formation. 125-134 m, indication of down 

well bore flow (direction consistent with piezometer 

record). 

Log date 940712: 105 m, flow into wellbore (compare 

1 MC); flow down wellbore to 107 m and out of 

borehole at tilVsilty clay contact. 

Log data 93 0914 and 940711: 17 m, high temperature 

peak anomaly (0.35 K); 22 m, small low temperature 

peak; both possible seasonal water flows along thin 

beds. 

Log date 9405: anomaly at 37-46 m gives signature of 

downward borehole flow. 



OGS9316 13 

OGS9317 9 

OGS9319 8 

Aurora#5 23 

Bales Rd N. 13 

Bales Rd S. 13 

Collis Leather 

Henderson Rd 14 

Log date 930916: 8-12 m, seasonal variation; 22-70 

m, particularly 35-70 m, bow-shaped section, possible 

upward flow of groundwater at 0.5 m/a. Bow shape 

persists on later logs. 

similar to OGS93 l 5; 14 m, high temperature anomaly 

(0.76 K), persists on 1993 and 1994 logs and lower on 

spring, 1995 log, possibly seasonal effect; 34 m, small 

low temperature anomaly ( 1993) not visible on 1994 

log, probably thermal storage effect. 

similar to OGS93 l 5; 17 m, high temperature anomaly 

(0.35 K, 1993) and about half magnitude (1994); 26 

m, small low temperature anomaly (1993) not visible 

on 1994 log 

Community test wells 

45 m, small temperature peak to higher temperatures, 

possible flow along horizontal bed or subhorizontal 

fracture, or transient storage of heat from drilling 

40-50 m, possible flow of water down wellbore from 

around 40 m, out of well bore at 50 m 

20-55 m, temperature inversion, probably downhole 

temperature effect of nearby road 

3 m from building; 23-80 m: possible recent increase 

in surface temperature due to placement of structure 

3 m from paved road; 1993: high temperature peaks at 

68-70 and 78 m, possible transient storage of warmer 

fluid in aquifers due to drilling; 1994: no peak at 68-



Mitchell 15 

Newmarket #2 

Oak Ridges #3 

Ozark Park 13? 

Queensville #5 

Queensville #6 

Queensville #7 

Queensville #8 

Queensville #9 16 

Rogers Park 

70 m (heat dissipated), and less curvature 79-95 m 

than 1993, hence both peaks may be storage effects. 

4 m from highway, 1 m from ditch; 50-90 m: possible 

downhole effect of adjacent highway 

49-66 m: only record obtained; isothermal 

30-60 m: warming effect of gravel pad and adjacent 

fire hall 

30-45 m partially seasonal effect in wellbore; 45-70 

m, possibly recent surface temperature increase 

in soybean field; farmer had pumped nearby well 

previous day 

cornfield, 5 m from road; isothermal, farmer had 

pumped well previous day 

gravel pad, adjacent to production well 

7 m from gravel road, adjacent to large pond; slope 

breaks probably reflect lithologic changes 

10 m from paved road, grass surface on ridge top; 

approximately geothermal gradient for area 

46-66 m: only record obtained 



HOLE# 

Bolton #4 (TW2-72) 

Bolton #6 (TWl-88) 

PEEL REGION WELLS 

undisturbed Description and comments 

gradient 

(mK/m) 

15,24 

few metres from producing well in town 

ridge above Bolton, 30 m from producing well; 

approximates geothermal gradient, possible slight 

bow indicating upwards advection in formation 

Caledon East #1 (Granite Stones) 10 m SE of producing well 

Caledon East #3 (TW1-77B) 

Caledon East #3 (TW 4-77) 

Caledon Well #4 

Centreville (Holly Park) 

Mono Mills #6 (TW2-90) 

Palgrave #2 (TW6-72) 

79 m NW of producing well, in playground 

3 m SE of producing well 

12 m, flow out ofwellbore; 12-20 m, 22-30 m and 32-

60 m, flow up wellbore; inflow to wellbore at bottom, 

near 31 and 21 m 

20 m from highway, 1 km from producing well in 

small valley 

100 m SE of producing wells; 10-25 m, bow shape 

suggesting upwards advection through limestone; 25 

m, fracture, flow into well?; 29-48 m, possible 

upwards advection 

several metres from road and producing well 



HOLE# 

MOE W-1 

MOEW-2 

MOE W-8 

MOE W-10 

Whitevale Pl-16D 

Whitevale Pl-26D 

Whitevale Pl-29B 

DURHAM REGION WELLS 

undisturbed Description and comments 

gradient 

(mK/m) 

12-16 

34 to 15 

20-34 

6.6-8.2 

11 

temperatures similar to MOE W-2; shallow hole no 

undisturbed gradients 

gradients 60-83 m, 12 mK/m, 83-107 m, 16 mK/m, 

142-153 m, 15 mK/m. 

curvature 65-100 m; gradients of four deeper linear 

sections probably closely reflect lithology; 100-122 m, 

15 mK/m, 122-160 m, 18 mK/m, 160-177 m, 22 

mK/m and 177-195, 34 mK/m. Linearity suggests 

probably no vertical component of flow between 100-

195 m. 

gradients 115-153 m, 20 mK/m; 175-190 m, 34 

mK/m; 190-195, 22 mK/m 

gradients 25-45 m, 6.6 mK/m; 45-55 m, 8.2 mK/m 

gradients 32-41m,3.3 mK/m; 41-51 m, 7 mK/m; 51-

68 m, 12.9 mK/m 

gradient 29-47 m, 1 lmK/m 





Appendix B 

Graphs of temperature-depth profiles 

N.B. All plots have the same scale of depth and temperature intervals, for ease of comparison 

The following temperature-depth graphs were taken during the summer/fall of 1993-95. Wells are 

grouped alphabetically by region, starting with York, followed by Peel and Durham. Wells may be 

located in Figure 1.0 and Table 1. A summary of largely qualitative interpretations is given in Table 

2. 

1. The upper few metres of most holes are air-filled and temperatures in that zone should be ignored. 

Also, the seasonal variation extends to about 10 m, or a few metres from the top of the water table. 

2. Most profiles exhibit a linear section that may be interpreted as the undisturbed geothermal 

gradient, and this has been extrapolated to the ground surface to emphasize any departures that might 

be attributed to local or transient effects. This gradient (8 to 23 mK/m) when considered with the 

regional terrestrial heat flow ( 40 m wm-2
; Jessop et al., 1984) suggests that thermal conductivity of 

the materials lie in the range 5.0 to 1.7 W/mK. The higher thermal conductivity is typical of sands, 

gravel and sandstone, the lower of clays and clayey silts and shale. No attempt has been made to 

correlate the temperatures and thermal properties to the lithology at each hole, or to other 

geophysical logs at the present time. 

3. Some wells may be influenced by nearby wells, pumping etc.; this has not been investigated at 

present. 
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Appendix C 

Some examples on the application of temperature logs 

in hydrogeology 

Compiled by Al Taylor 

Completion of holes 

In the literature, details of hole completion are :frequently not explicitly stated but can sometimes be 

inferred from the effect described or the analysis technique used. Generally, holes can be described 

by three types of completion: 

1. Grouted and cased hole through rock or unconsolidated material. Temperature profiles will detect 

vertical groundwater flow through the pore volume and flow in permeable beds or fractures. This 

is the ideal case. Theory assumes "cased hole". 

2. Uncased hole through competent soils or rock. Temperature profile will detect flows in permeable 

beds and through fractures. Both may leak into the borehole and cause vertical flow within hole. 

The thermal signature of water flowing within the well is distinct from the thermal effect of water 

moving entirely within the formation, and theories have to consider the two components separately. 

Flow rate may interfere with lowering a temperature probe. 

3. Grouted and cased hole with screens or leaking joints, or poorly grouted with flow outside casing. 
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Bredehoeft and Papadopoulos, 1965). 
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Thennal profile in 2" plastic, oil filled pipe in the San Luis Valley, Colorado. Aquifers consist of 

sand clay deposits, confining bed of clay with sand lenses. Profile exhibits downward concavity 60'-

140' bridging the clay confining bed. This is interpreted in terms of upward flow of water between 

aquifers at a rate of 12 nm/s (0.4 m/year). A similar calculation was made at a well 60 km north and 

both rates agree well with a basin wide estimate. (Fig. 3; Sorey; 1971). 
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Fig. 5. Temperature profile in well PV ACD 
10 located 15 miles north of Roswell, New Mex- · 
iro, showing curvature for upward flow through 
the Artesia group semiconfining bed. 

Temperature profile in a well in New Mexico. The limestone aquifer is overlain by interbedded clay, 

silt, limestone and gypsum (Artesia group) that forms a semiconfining bed over most of the basin. 

Some of the c_urvature is due to the higher thermal conductivity of the limestone; however the 

downward concavity within the Artesia is interpreted in terms of upward leakage of water from the 

limestone aquifer at a rate of 8.2 nm/s (0.25 m/year). Pumping tests in the basin yield similar values. 

(Fig. 5; Sorey, 1971). 
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Temperature profile from hilly terrane in dolomite of the Valley and Ridge province of southwest 

Virginia. Concave upward curvature below 133 m has been interpreted in terms of downward water 

movement of 4._6 nm/s (0.15 m/year). Vertical (upward) heat flow at bottom of hole is much greater 

than above 133 m (compare temperature-depth gradients); this excess is balanced by the heat carried 

by the downward flow of water. Theory indicates that in zone of flow, plot of temperature gradient 

(or heat flow) versus temperature is a straight line. (Fig. 3a,b; Reiter, Costain and Minier, 1989). 
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Downward flow of water at rate 120 nm/s (4 m/year) through a loose sand "WS"; water originates 

in the lower part of a limestone formation ("RL"). The temperature inversion above 100 m is due 

to climate warming over the past century. (Fig. 2; Drury et al. , 1984). 
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TABLE· 2. Recharge Rates v z for Various Thicknesses L Within the 
Aquitard as Determined by the Temperature Method 

Vz, X 10-9 m/s 

L,m* June July Sept. Jan. 

16 7.50 8.96 6.08 9.86 
19 6.39 7.43 5.57 7.88 
27 3.10 3. 18 2.47 2.90 

*Extending downward from a point 19 m below the ground surface. 

A concave-up character in a temperature profile through a clay aquitard from an abandoned water 

well in Illinois has been used to calculate seasonal changes in recharge rate of a lower aquifer. Rates 

were lowest in September (2.9 nm/s or 0.01 m/year) and highest in July and January. (Fig. 4 and 

Table 2; Boyle and Saleem, 1979). 
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Model of borehole intersecting two aquifers or fractures carrying flowing water at temperatures T1 

and T
2

. Flow assumed to have been occurring for a long enough period for equilibrium to be 

established. (Fig. 4; Bodvarsson, 1973). 
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. The temperature profile in Fig. 1 a, b above has been interpreted in terms of water flow along a thin 

aquifer where temperatures are (in these cases) above rock temperatures. A simple analytic model 

by Ziagos and Blackwell ( 1981) shows the temporal development of such profiles in years after 

initiation offlow(Fig.2) and at different distances away from recharge point (Fig. 3). The "overturn" 

of the profile arises because the time constant in the layer above the aquifer is short compared to the 

time constant in the infinite half-space beneath the aquifer. (Figures from Ziagos and Blackwell, 

1981; see also Bodvarsson, 1973). 
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thermal equilibrium is not established. In figure, aquifer temperature is shown greater than rock 

temperature at depth. (Fig. 6; Bodvarsson, 1973). 
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Two examples of the effect on subsurface temperatures of water circulation (Fig. 13, 14; Andrews­

Speed et al.,, 1984). In Fig. 13, water initially cooler than the ground descends but goes deep enough 

to be warmed above the temperature of the ground through which it ascends. In Fig. 14, circulation 

might be thermally driven and occur through joints and fractures or through natural porosity of the 

aquifer. 
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Temperature profiles in the Munroe geothermal resource area reflect the distortion of subsurface 

around a fault carrying geothermal waters at 69°C. Also shown is the model of the hot spring, based 

on the temperatures and other evidence. (Fig. 4, 5; Kilty and Chapman, 1980). 
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Temperatures measured in PVC, ABS or aluminum cased holes in the Downie Slide, north of 

Revelstoke, BC. Upper portions of S8 and S 17 reflect water flow in annulus around casing. 

Temperatures and hydraulic head data used in an inversion scheme to predict position of aquifer and 

hydraulic parameters. (Fig. 12, 8; Woodbury and Smith, 1988). 
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Borehole temperatures also reflect movement of water within the borehole (e.g. entering at one 

depth, leaving at another in an uncased hole, or leakage at a plug or screen)_ The temperature 

disturbance has a different functional dependence from that due to water movement in the formation. 

Several orders of magnitude greater flows need to occur in the well to produce a similar curvature 

to that caused by water movement in the formation. In this example, the A=50 curve represents 

downward wellbore flow at 2xl06 nm/s (63 km/year). (Fig. 6; Mansure and Reiter, 1979; see also 

Ramey, 1962). 
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Thermal effects of various types of water flow from fractures as reflected in measurements in an 

uncased well (open hole). 

-Type (a) fracture provide water flow to, or accept water flow from the borehole; in figure, water 

. enters at z1, flows down the borehole and exits at z2• 

-Type (b) fracture do not permit water flow before of after drilling but accept the storage of drilling 

fluid during drilling; in figure, warm fluid is trapped in fracture at z3 and temperature will decay in 

time. 

-Type ( c) fracture do not permit water flow to the well bore; in figure, water at a temperature higher 

than the rock temperature has been flowing for a long time at depth z4• 

-In all cases, fractures need not be horizontal. (Fig. 2; Drury, 1984). 
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Table 2. Inlet temperatures at each water influx depth in the borehole 

Velocity Temp. Velocity Temp. Cale input 
in in .. out. OUl temp . 

(m s·•1 ( oC) (m s·•i (oC) ( oC) 
··- --- ··- ·---·- ·- ·- - ---·- ~·------· - -

0.252 19 .917 0.334 19 . 180 16 .9 15 
0.242 21 .003 0.252 20. 144 - 0.644 
0.105 22.702 0 .242 21.436 20..<66 
0 .0408 23 .527 0 . 105 23 .067 22 .775 
0.0075 24.072 0.0408 23 .889 23 .848 

Rock 
tem p. 
( 'C) 

16 .5Fi J 
Ii .656 
20.6()J 
22 .318 
23 .60J 

Inlet temperatures at each influ.'< depth calculated successively upwards from the lo"e~t inlet. a nd (Ji..:ul:i r ~c1 

;11:l·ording to cq . (5i. Temperatures below and above the inlet point arc dcriq:d from the cunc' of Table I . Undi,rurbcd 
rod tcmpcra1urc~ arc given for comparison with 1hc calculated water inpur rcmpcr;i1urc . 

Example of an uncased well in a syenite batholith in southeastern British Columbia. Water is 

entering the borehole at depths marked by arrows and flowing up the borehole to the surface. At 

successively shallower depths, water entering the borehole is somewhat cooler than that already 

flowing up the borehole, producing the offsets measured. Curvature of temperature data between 

entry points is used to estimate flow rate in borehole (theory of Ramey, 1962); rates increase towards 

surface, where water velocity is 0.334 mis (Table). (Fig. 4 and Table 1; Drury et al., 1984). 
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Temperature logs taken at weeks to a year after drilling a Northern Ontario hole in granite show the 

effect of storage of drilling fluid in a fracture (or permeable zone). Note temperature logs are 

displaced in temperature for clarity. Thermal spike at 69 m dissipates with time, and has largely 

disappeared after a year. (Fig. 5; Drury et al. , 1984). 
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Shaded, spike anomalies resulting from storage of drilling fluid/heat in fracture at 69 m (see previous 

figure). Anomaly a (5 days after drilling) and b (230 days) are fitted by models that consider the 

source strength and size of the fractures. (Fig. 6, Drury, Jessop and Lewis, 1984). 
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The first log is offset by 1 K along the temperature axis. In logs 1 and 2, water was flowing down 

.the borehole from a perforated surface casing, and exiting at depths indicated by arrows. The casing 

was repaired and log 3, taken after the repair, shows possible zones of water flowing into the 

borehole. In comparing the log before (2) and after (3) the repair which eliminated the flow of colder 

water down the casing, we note that downhole temperatures are higher after the repair. Also, the 

reversal of temperature gradient in the upper 100 m is due probably to climate change of the past 

century; water flowing down the hole caused this reversal to appear deeper. (Drury and Lewis, 

1983). 
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Temperature log in a hole in a granite batholith where two gently dipping fracture zones were 

encountered, at 100 m and 250 m. In the plot, the regional gradient has been subtracted to emphasize 

the temperature anomalies. It shows 3 types of temperature disturbances resulting from water flow. 

There is a "spik~" at each depth; in logs shortly after drilling the spikes were larger, indicating the 

storage of drilling fluid and heat. At 250 m there is an offset in temperature, indicating water is 

flowing downhole (probably from near the surface) and exiting at that fracture. The change in 

temperature gradient at 250 mis not associated with a change in lithology, and arises from flow of 

water down the dip of this fracture. (Fig. 6, Drury, 1984). 
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4 

1•1. 0 

1•2.0 

2 3 4 5 
VK·(Z-Zo) 

Fig. 7. Nondimensional plots of temperature data at well 15 (cir-
cles) and well 18 (squares). 

Examples of shallow temperature profiles in the Nagaoka Plain, Japan. Infiltration of surface water 

throughout the year tends to deepen the depth to which seasonal variations would penetrate the 

ground with no water flow; surficial discharge reduces the depth of penetration of the seasonal 

variation. The nomogram is used to calculate the vertical flux of water, which also can be calculated 

from the amplitude decrement and phase lag of a time series (Stallman, 1965). Rates of 150 nm/s 

(recharge area; Fig. 3a) and 200 nm/s (discharge area, Fig. 3b) were thus calculated from the above 

temperature effect. These values are consistent with calculations based on aquifer test data on 

hydraulic gradients and conductivities. (Fig. 3a, band Fig. 7, Taniguchi, 1993; see also Kayane et 

al., 1985 here). 
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Fig . 7 Observed groundwater temperature depth profiles and calculated ones (based 
on one-dimensional· heat conduction theory) for (a) W15, (b) W18. 

Example of the effect on seasonal temperature variations of recharge or discharge at the surface. 

Solid curves represent possible seasonal variation with no vertical groundwater motion, symbols are 

measured data in a recharge (or infiltration, left diagram) and discharge (right) area. The temperature 

envelope of seasonal variation is deeper in recharge and more shallow in discharge, as water carries 

heat deeper or towards the surface. 

(Fig. 7; Kayane et al. , 1985). Rate of recharge or discharge may be calculated simply from the 

decrease of amplitude of the diurnal or seasonal variation with depth and the phase lag (Stallman, 

1965). 
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Fig. 4. Residual temperature map (calculated 
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tive) ureas. 

Subsurface temperature anomalies at 150 m depth in the Illinois Basin reconstruct the gross features 

of discharge (negative contours, above) and recharge (positive contours). Anomaly map made by 

subtracting observed well temperatures at 150 m depth from temperature calculated considering 

thermal properties of the rock and regional terrestrial heat flux . (Fig. 4; Cartwright, 1970). 
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Temperatures measured at a depth of 0.5 m from surface in soil overlying a shallow aquifer in 

Illinois increased 2.4 K over 7 km. 

A quantitative analysis shows that water flow in an aquifer absorbs some geothermal heat from 

below and carries it "downstream"; hence the water temperature increases in the downstream 

direction. (Fig. 2; Cartwright, 1971). 
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Fig. 5. Geologic cross section and thermal profile· across Hurricane Creek Valley, Cumberland 

Shallow, linear unconsolidated aquifers (<10 to 20 m) have been detected from anomalies in the 

shallow thermal regime obtained from temperature probing. Cartwright identified probing as an 

inexpensive tool especially during summer and winter months. (Fig. 5; Cartwright, 1968). 



0 1 2 3 4 5 
V) 

I- RELATiVE TEMPERATURE . DEGREES CELSIUS 
a: 

UJ UJ 
UJ I-
....... UJ 

10.0 "' 30 :2: UJ ~ Qi I I 

l 
'.I 

u 
"' 

> ii w "' <( .c II u ..... 120 u 
a: "' ~ 11 <( 

::i Q) ii 
u.. 

V) I - a: 
"' jl 40 ::i 

CJ 140 ~ ::: ·1 V) 

2 
c.. 11 

<( a 
_, O> 

"' 2 
160 c:: O> <( 

:s: -~- ~ 50 _, 
·- c.r::. 0 c::> u :s: _, 

180 "' ~ ~ 0 UJ co _, 
co UJ 

1 2 3 4 5 6 
cri 

:J: 200L 7 8 60 :J: I-
SEP 30 OCT 1 OCT 2 OCT 3 c.. OCT 4 OCT 5 OCT 6 OCT 7 I-

UJ "-Cl UJ 
a 

Fig. 2. Temperature logs on hofe S-3, Stewart site. Relative temperature scale is the same for each Jog but displaced to show 
time. Bottom hole temperature approximately 15°C on each log. 

In injection wells, tracing with temperature logs is useful in locating zones of high permeability and 

. in detecting changes in flow as a function of time. In this example, water from a Texan playa lake 

at temperatures different from the aquifer was injected into wells that were perforated through part 

of the aquifer. Fig. 2 shows that water at 49 m depth reaches S-3, 12 m from the injection well, after 

4 hours. The su,bsequent upward expansion of the thermal wave indicates the continuing injection 

and the rise of the "warm water table" by 6 m. Note that the thermal pulse took 3 days to reach S-3 

at the 55 m level. Such transit times were used with head data to calculate hydraulic conductivities. 

(Fig. 2; Keys and Brown, 1978). 



~ 
UJ 
UJ 
Ii. 

~ 
UJ 
0 
< 
Ii. 
g:; 
Ci5 
Cl 
z 
< 
..J 

~ 
0 
..J 
UJ 
CD 

:r 
~ 
0.. 
UJ 
Cl 

:: ~ 
40 

! 
50 t--

I 
60 '--

I 
70 r 
so L 

" ~ 
100 L I 
110 ~ 

I 

::: t 
I 
I 

140 f-
i 

II:: ~ 
I 
I 

170 :-

I 

"' ~ 
190 

200 r 
'" t 
220 

23°' - I 
::: ~ 
260 

210 L 
I 

260 L 
290 l 

June 18, 1972 

16~4 l'IOV'1 

1 ~41- ,.........0 100 l'lour1 
hOurs 

/184 6 rioun 

? 

17 18 19 20 

.JUt't I', I, • < 

1706-­
l'lour'5 

I 
I 
I 
I 

---, 
,,,,,,..- -- ..... 

/ 

\ 

' 

( 

--.... 

--­,.,.-

' .... 
\ 
I 
\ 

"' 

'\ 
/ 

.... 
) -----

---------------

21 22 17 18 19 20 21 22 

TEMPERATURE IN DEGREES CELSIUS 

23 

10 

15 

20 

25 

30 

UJ 
0 

<15 < 
Ii. 
a: 
::::i 
Cf) 

50 ~ 

65 

70 

75 

80 

90 

< 
..J 

Water at a temperature different from the aquifer was pumped for 30 hours into an injection well ear 

Lubbock, Texas to determine zones of greater permeabilities. More permeable zones accepted a 

greater volume of water, leaving a thermal signature that was apparent later on temperature logs. 

The latter show that zones at 13 m and 24 m had to be saturated first. (Fig. 6; Keys and Brown, 

1978). 
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